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V Vapor mass 
Volt Voltage (V) 
w Water content (mass/ mass) 
i Inert mass ratio (= inert thermal mass/ active thermal mass) 
  
Greek symbols 
Ω Electrical resistance (Ohms) 





b Pertaining to adsorbent beds 
cond, c Condenser 
c1 Pertaining to cold face of Thermoelectric device 
des Desorption 
evap, e Evaporator 
f Fluid 
g Gas 
h1 Pertaining to hot face of Thermoelectric device 
i, j Pertaining to bed ‘i’ and ‘j’ 
i_te Referring to interface between bed ‘i’ and thermoelectric device 
j_te Referring to interface between bed ‘j’ and thermoelectric device 
p_ads,p_des Primary adsorption and primary desorption 
r Recovery 
s_ads,s_des Secondary adsorption and secondary desorption 
TE, te Thermoelectric 





Industries such as automobiles, oil exploration, military hardware, etc often deal with 
harsh environment (temperatures 150 0C- 200 0C), which makes it difficult to use 
conventional electronics for tasks such as performance monitoring, and data acquisition. 
Commercial-off-the-shelf electronics can survive up to 125 0C, hence the electronics 
currently used are pre-screened for the desired temperature and assembled with or without 
cooling systems that are limited in cooling capacity and/ or need to be reset/ recharged. This 
offsets cost benefits and hinders continuous operation. While high temperature compatible 
electronics could provide a solution in future, immediate concerns could be addressed by 
compact thermal management systems that should work without having to be reset and 
require less maintenance (human interference during system operation must be ruled out). 
Also, the system should be scalable to smaller sizes without loss of performance.  
In this backdrop this research aims at realization of an adsorption based cooling 
system for evaporator temperatures in the range of 140 0C-150 0C, and heat rejection 
temperature in the range of 160 0C-200 0C. Adsorption cooling systems have few moving 
parts, and the use of ThermoEelectric (TE) devices to regenerate heat of adsorption in 
between adsorbent beds enhances the compactness and performance efficiency of the 
overall ‘ThermoElectric-Adsorption’ (TEA) system. The work presented identifies the 
challenges involved and respective technical solutions for high temperature application. 
Performance deterioration of TE device at high temperatures (> 150 0C) and its thermal 
operating limits have been identified as major challenges, and a two-step adsorption cycle 
proposed to accommodate the thermal needs of the TE device. Methods of operation have 
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been proposed that enable the system to manage varying thermal load while accommodating 
TE device thermal operating requirements. An experimental set up was fabricated to 
demonstrate operation of the TEA cooling system at high temperature. Mathematical system 
models were also developed to benchmark experimental results.  
Also, it is worth noting that TEA cooling system comprises of TE and Adsorption 
cooling systems. A TE cooler can be a compact thermal management system in its own 
right. Hence a comparison of the performance of TEA and TE cooling systems has also 
been presented.  
This research will help in achieving a reliable and compact high temperature cooling 
system that should extend the working envelope of existing conventional electronics. 
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CHAPTER 1: Introduction 
This chapter describes the relevance of electronics in thermally harsh environment and the need for 
developing thermal management solutions for regions characterized by high temperature (> 150 0C), 
mechanical shock and inaccessibility. Motivation for the research undertaken has been set forth and a glimpse 
of the structure and content of the dissertation document has been described in the last two paragraphs.  
1.1 Electronics in thermally harsh environment 
In several industries application of electronic equipments/ sensors is desired in 
regions that can be termed as ‘thermally harsh’ (temperature above 125 0C is widely 
considered as ‘harsh’, since it is outside the usually acceptable limit for silicon based devices 
[1]-[3]). Typical applications include sensing and processing of data in combustion chambers, 
nuclear reactors, turbine exhausts, and oil wells. Fig. 1-1 provides a list of industries with 
temperature range for respective harsh regions. Fig. 1-2 illustrates the use of electronics in oil 
drilling operation at depths of the order of thousands of feet. Application of electronics for 
data acquisition during oil exploration helps mitigate risk factors associated with drilling 
operations [6]- [11].  Fig. 1-3 and Table 1-1 describe the tasks carried out by various 
electronic modules. Developments such as gradual shift from hydraulics to ‘fly by wire’ in 
aerospace and automotive industries, the need to dig deeper for oil exploration and the 
constant shift from fossil fuel to electric driven vehicles that require more electronics, have 
underlined the need to use electronics in thermally harsh environments ([4], [5], [12], [14], 
[15]).   
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Fig. 1-2 Schematic of  oil drilling operation [5]. Heat source (heat dissipating electronics to be cooled) remains 
in harsh and inaccessible conditions, thus necessitating an accompanying thermal management system. 









1.57m 1.72m 0.81m 0.96m
 
Fig. 1-3 Schematic of  a ‘Measurement While Drilling’ tool used to capture oil well data during the drilling 
operation. Various modules process data that is transmitted to ground stations using mud pulses ([12], [13]). 
Diagram not to scale. 
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Table 1-1 Various modules and their function in a ‘Measurement While Drilling’ tool ( [12], [13], [14]). 
Modules Function 
Telemetry  Stores data and conditions it for transmission. 
Directional  Compares the drill direction with earth's magnetic field  
Gamma  Sends out and receives gamma ray signals to capture rock data  
Battery  High temperature lithium batteries to power other modules. 
Pulse generator 
Generates pressure pulses in the out-flowing mud to communicate 
with ground station. 
1.2 Motivation for development of novel thermal management 
techniques 
Silicon based electronics, however, are unsuitable for application in environments 
where temperatures exceed 125 0C [4]. Failure modes include change in resistance, current 
leakage, increased electro-migration of metallized layers, dielectric breakdown, and increased 
mechanical stress due to thermal expansion and solder meltdown ([4], [16]).  Several other 
materials exist by which electronics chip can be made (ref: Table 1-2), however inadequate 
packaging technologies come as a major hindrance. Developing packaging technology for 
hotter environments presents a significant challenge ([4], [18]-[22]). A setback to high 
temperature electronics research is the lack of concerted effort among various industries due 
to varying requirements. While a temperature of 125 0C to 200 0C may be ‘harsh’ enough for 
the auto industry, the geothermal industry encounters temperatures in excess of 250 0C [4], 
[23]. 
Table 1-2 Semiconductor materials for use at various temperature ranges [2], [17]. 
Semiconductor Temperature range in oC 
Flip Chip Silicon Room temperature-150 
Silicon on Insulator 150-300 
Gallium Arsenide 300-350 
Silicon Carbide 350-700 
Gallium Nitride 700-800 
Diamond 800-1100 
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 The easy solution of placing the electronics far from the high temperature 
environment and connecting it with cables to transducers in hotter regions, often leads to 
noise pick up and safety issues [24]. Most industries currently work around the non 
availability of high temperature compatible electronics by prescreening available electronics 
([25], [26], [27]) for high temperature survivability and by using custom made electronic 
modules ([13], [28]-[35]). While replacement of silicon-based components with materials 
better suited to high temperature environments, such as Silicon Carbide and Gallium Nitride 
([2], [36], [37]) can provide a potential long-term solution to this problem, in the interim, 
localized thermal management can help implement conventional silicon based electronics in 
a thermally harsh environment [38]. A 66% increase in power dissipation per unit area is 
projected by 2018, for electronics used in harsh environments [39], thus further stressing on 
the need for cooling solutions for harsh environment electronics. 
While it has been recognized that complex cooling systems will be needed for 
continuous operation at high temperatures [40], the development of electronics cooling 
systems that could reliably work at high temperature has been slow. Harsh environment 
applications require the thermal management system to be resistant to high temperature, 
shock, and vibrations and be reliable enough to work for long durations without human 
interference. Also, space is often a premium and the system must be compact enough to fit 
into electronic enclosures.  These requirements could be waived if it were possible to place 
the cooling system far from the heat source and thermally connect the evaporator with heat 
source by lengthy heat exchanger fluid loop. An idea on similar lines has been described in 
US patent 4,248,298 [41], where a cooling fluid is pumped down through a tubing to the 
electronics that are placed few feet above drilling tool in an oil well, however it is difficult to 
implement. Also, the extreme inaccessibility of the heat source as in the case of oil drilling 
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operations (as shown in Fig. 1-2) makes it difficult to place the cooling system far from heat 
source.  
These requirements present unusual challenges for conventional cooling techniques, 
for instance, the system must have few moving parts for greater reliability in the face of 
mechanical shocks and inaccessibility. Also, the system must be easy to miniaturize without 
loss of performance. Vapor compression systems based on mechanical compressors, such as 
centrifugal and reciprocating,  have several moving parts which makes them less desirable in 
environments prone to shock and vibrations such as oil well. Such systems also suffer from 
increased irreversibility due to miniaturization ([42], [43], [44], [45]). Passive cooling 
technologies, such as phase change material heat storage, insulation, evaporative cooling, etc 
are limited in their ability to maintain electronics temperature below the ambient for a longer 
duration. Jakaboski [46] provides an extensive survey of passive thermal management 
techniques used in thermally harsh environments. Systems based on phase change heat 
storage will need to be recharged once phase change process is complete. Similarly systems 
based on evaporative cooling will need to have a means of replacing the cooling fluid once it 
has been depleted. These operations are often not feasible in harsh environment. Acoustic 
cooling systems, though compact, usually rely on a motor and crankshaft mechanism to 
produce standing waves, thus introducing moving parts and additional frictional heat load 
that would need to be pumped out along with electronics heat load [47]. The TE cooler 
offers a promising solution due to its compactness and low maintenance needs, but it proves 
inefficient for pumping heat through a higher temperature difference [48](temperature 
difference typically greater than 30 0C). Adsorption cooling systems have less moving parts, 
and such systems are scalable (i.e. can be miniaturized without loss of performance ([42], 
[45])), however, they are often bulky [49] due to the presence of fluid loops and heat 
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exchangers that are needed to bring about internal heat recovery and regeneration. A 
comparison of various cooling technologies has been presented by Jakaboski [46]. 
1.3 ThermoElectric Adsorption: A possible solution 
In-spite of their individual limitations, a combination of thermoelectric cooler and 
adsorption system, as suggested by Gordon et al [42], could be made compact to meet the 
cooling needs with fewer moving parts. The TEA system comprises several TE devices 
sandwiched in between adsorbent beds. A TE device pumps heat from beds undergoing 
exothermic processes to beds undergoing endothermic processes, thus bringing about heat 
regeneration and recovery. This eradicates need for bulky heat exchangers, thus paving way 
for miniaturization of an adsorption heat pump. Detailed description of the working of such 
a system has been described in a subsequent section. Gordon et al [42] theoretically studied a 
TEA system for electronics cooling applications (with an evaporator temperature of 30 0C 
and a condenser temperature of 40 0C) and it was shown that the COP could be as high as 
1.2. Subsequently Ng et al [45] performed experiments on the prototype of the system (for 
similar temperature conditions as Gordon et al) and obtained a COP of 0.7. The work done 
by Gordon et al [42] and Ng et al [45] confirm the viability of miniaturized adsorption heat 
pump with TE device assisted heat regeneration and recovery. Their work makes it attractive 
to investigate a similar system for high temperature application. A review of available 
literature on adsorption cooling presents very little information regarding their application 
for high temperature cooling (evaporator temperature > 150 0C and condenser temperature 
> 200 0C). Fig. 1-4 shows the evaporator, condenser and regeneration temperatures for 


































































































































































































































































































































































































Fig. 1-4 Heat source (evaporator) and heat sink (condenser) temperature considered during research on various 
adsorption systems as reported in the literature [42], [50]-[67]. 
1.4 Introduction to structure and content of the dissertation 
In the subsequent portions of the text, a detailed explanation of the working of 
TEA, TE and Adsorption chillers have been provided (CHAPTER 2). In CHAPTER 3 
challenges with high temperature application of TEA chiller and ways to mitigate it have 
been discussed. Since high temperature application requires TE devices to work near their 
operating thermal limits, ensuring efficient and reliable performance of TE devices has been 
pointed out as a major challenge. A ‘modified’ cycle has been suggested (in place of 
‘conventional’ adsorption cycle) to mitigate these challenges. It was discovered that a TEA 
system tuned to accommodate TE device requirements will only be able to manage a narrow 
range of cooling loads. Hence ways to make the system flexible to address varying cooling 
loads are discussed (in CHAPTER 4). CHAPTERs 5 and 6 describe the fabrication of 
experimental set up, development of mathematical model to mimic the TEA chiller, the 
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results obtained from experiments and simulations of the model and a comparison of the 
experimentally obtained and simulated results. The results indicate a moderate COP of 0.2 
for the TEA chiller with a ‘conventional’ adsorption cycle, and a COP of 0.3 for the TEA 
chiller with a ‘modified’ adsorption cycle. In view of the low COP, a detailed theoretical 
analysis was done to maximize chiller performance (CHAPTER 7). This theoretical analysis 
proposes a novel method of operation that should help obtain COPs of above 1.0 from 
adsorption chillers. CHAPTER 7 also compares the performance of TE, Adsorption and 
TEA chillers and demarcates the suitability of TEA chiller vis-à-vis TE chillers. CHAPTER 
8 contains concluding remarks. This is followed by several appendices that provide relevant 
information about the experimental set up. 
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CHAPTER 2: Thermoelectric, Adsorption and 
Thermoelectric Adsorption chillers 
This chapter describes the working of thermoelectric (TE), adsorption and thermoelectric adsorption 
(TEA) chillers and also introduces terms like ‘heat regeneration and recovery’, ‘cycle and switching time’ etc 
that will be used in the following parts of this dissertation. The TEA chiller is a novel combination of TE 
and adsorption chillers. A description of the working of TE and adsorption chillers is essential to describe the 
working of TEA chillers.   
2.1 Thermoelectric (TE) chiller  
The (TE) chiller works on the Peltier effect [69]. It comprises rows of positively and 
negatively doped semi-conductor material such as Bi2Te3 (Bismuth Telluride). These rows 
are connected together by a copper plate as shown in Fig. 2-1. Electrically insulating ceramic 
surfaces that have good thermal conductivity, sandwich this arrangement. As current flows 
through the device in a particular direction, one of the junctions gets cold while the other 

















current flow  
Fig. 2-1 Schematic diagram of  a single thermocouple unit in a TE device. Junction 1 is cold during reverse 
current flow and hot during forward current flow. 
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The COP of the TE chiller can be expressed as the ratio of heat pumped at the cold 
side to the total electrical power input into the device. Eq. 2-1 describes the COP. 
TEcTE PowqCOP /=          eq. 2.1 
Here cq  denotes the rate at which heat is pumped at the cold face of TE device and 
TEPow  denotes the rate of electrical power input. Typical values of TE device COP for 
cooling applications vary from 0.1 to 0.4 [42] . Eq. 2.2 – 2.5 describe the relationship 
between ‘ cq ’, heat released at the hot side ‘ hq ’, ‘ TEPow ’ and various other parameters of a 
TE device. These equations can be found in the work by Simons et al [70].  
thccchcnpc RTTGITTkGITNq /)()]/(5.0)()[(2 11
2
1111 −=−−−−= ραα   eq. 2.2 
)]/()()[(2)( 1
2
11 GITTINIVoltPow chnpTE ραα +−−==     eq. 2.3  
cTEh qPowq +=          eq. 2.4  
thhhhhnpch RTTGITkGITTkGNq /)(]/5.0)([2 11
2
11111 −=+−−+= ραα   eq. 2.5 
2.2 Adsorption chiller 
An adsorption chiller comprises adsorbent beds, condenser, evaporator and fluid 
loop heat exchangers. Refrigerant vapors from evaporator are adsorbed in the adsorbent 
bed, pressurized from evaporator to condenser pressure by constant volume heating of the 
bed, and further desorbed to the condenser.  The system usually comprises more than one 
beds, with two bed being the norm ([52], [42], [45], [56], [57], [67]). Multiple beds facilitate 
utilization of heat of adsorption and sensible heat that are internal to the system.  
An adsorption cycle in a single bed comprises four stages. Adsorption, constant 
volume-heating, desorption and constant volume-cooling. Refrigerant vapors from 
evaporator are adsorbed at evaporator pressure during the adsorption phase and further 
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pressurized to the condenser pressure during the constant volume-heating phase. Once 
compressed the vapors are desorbed to condenser during the desorption phase. Further 
during the constant volume cooling that follows, the bed is cooled down to the evaporator 
pressure and made ready for the next cycle. Since the adsorption cycle comprises of two 
constant volume and two isobaric processes, it is usually described on a Clapeyron diagram 
that plots the log of pressure ln(P) in the adsorbent bed against the negative of reciprocal of 
temperature –(1/T). For ease of illustration, however, a plot of pressure against temperature 







































































































































Fig. 2-2 Processes that comprise an adsorption cycle (Adsorption I-F; Constant volume heating F-G; 
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Fig. 2-3 Schematic and thermodynamic illustration of  the four stages in adsorption cycle on a P-T diagram. 
Arrows shown along the edges of  the adsorbent beds represent heat coming out OR being introduced into the 
beds. Thickness of  arrow is representative of  the magnitude of  heat transfer. 
In two bed systems, beds operating together, with appropriate phase difference in 
terms of cycle stages, provide a means of harnessing internal heat in the processes. The heat 
released during adsorption and constant volume cooling in one of the beds could be used for 
constant volume heating and desorption in another bed. The schematic of a two-bed 
adsorption heat pump is shown in Fig. 2-4. Valves 2 and 4 remain open (1 and 3 remain 
closed) during adsorption in bed 1 and desorption in bed 2. Further, during constant volume 
heating in bed 1 and constant volume cooling in bed 2, all the valves are closed. This is 
followed by desorption in bed 1 and adsorption in bed 2, during which valves 1 and 3 
remain open and the rest are closed. Finally, bed 1 undergoes constant volume cooling and 
bed 2 undergoes constant volume heating. All the valves remain closed during this phase.  
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Fig. 2-4 (Left) Schematic of  a two-bed adsorption heat pump. Heat recovery and regeneration are driven by a 
fluid loop – heat exchanger arrangement. (Right): Temperature variations in the heat transfer fluid as it passes 
through adsorbing bed, regenerative heat addition phase, desorbing bed and heat removal phase. A similar 
illustration can also be found in the work by Szarzynski et al [67]. 
Heat released during constant volume cooling is transferred to the bed undergoing 
constant volume heating by a fluid loop heat exchanger. Since this heat transfer is from a 
bed at higher temperature to a bed at lower temperature, it is termed ‘heat recovery’. The heat 
of desorption to the desorbing bed is provided by heating the heat exchanger fluid to 
regeneration temperature. This is done once the fluid exits the adsorbing bed after collecting 
heat of adsorption. Once the fluid exits the desorbing bed, it is cooled by a heat sink to a 
temperature below that of adsorbing bed. This cooling ensures removal of heat of 
adsorption from the adsorbing bed. A reversible fluid pump is used to reverse the direction 
of fluid flow as beds flip their role. The process of utilizing heat of adsorption for 
desorption process is termed ‘heat regeneration’ as it involves transfer of heat from a lower 
temperature bed to a higher temperature bed.   The adsorption heat pump is characterized 
by parameters such as ‘cycle time’ and ‘switching time’. With various kinds of adsorption cycles in 
existence, there is little evidence of agreement in the scientific community about the use of 
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these terms [62], however, for the purpose of this study, these terms have been considered in 
accordance with Gordon [42] and Ng et al [45]. The cycle time is the time between two 
consecutive adsorption processes. Switching time is the time taken for heat recovery (also, 
the time taken for beds to switch their roles). This has been illustrated graphically in Fig. 2-5.  
Cycle time 


































































Fig. 2-5 Graphical representation of  switching and cycle time. Mutual heat exchange refers to heat recovery 
during constant volume heating and cooling processes. 
The COP of the adsorption system is expressed by equation 2.6 as the ratio of heat 
load managed at the evaporator in one cycle time ( evapQ ) to the net heat needed during the 
processes in the adsorbent beds in one cycle ( rGHFG QQQ −+= ), where xyQ is the heat 
needed during the process ‘x-y’ in the adsorption cycle and rQ is the heat recovered during 
the cycle (Cacciola and Restuccia 1995). Typical values for the COP of a regenerative 














COP         eq. 2.6 
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Fig. 2-6 (Left) Schematic of  an Adsorption cooling system with heat regeneration and recovery driven by TE 
devices. (Right) Heat regeneration and recovery shown on a Clausius diagram. 
The schematic of the thermoelectric adsorption chiller is shown in Fig. 2-6. A 
notable difference from Fig. 2-4 is the replacement of fluid loop heat exchanger, heat source, 
heat sink and reversible pump, with a few compact TE devices. All the processes inside the 
adsorbent beds and on-off sequence of the valves are the same as in the adsorption cooling 
system explained in the previous section. The difference lies in the way heat recovery and 
regeneration are achieved by the use of TE devices. For instance during adsorption in bed 1 
and desorption in bed 2, TE devices are supplied electric current, such that it pumps heat of 
adsorption from bed 1 to bed 2. As beds flip their roles in the next cycle (i.e. desorption in 
bed 1 and adsorption in bed 2), the voltage polarity across the TE device is flipped to reverse 
the direction of the heat pump. During constant volume heating and cooling phases, the 
heat flow from the bed being cooled to the bed being heated does not need an active heat 
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pumping mechanism, however, the TE device sandwiched in between beds prevents any 
direct thermal contact. Heat could still flow through the low conductivity of TE device 
material (‘Bismuth Telluride’ Bi2Te3), but this would take longer time and result in vapor 
accumulation in evaporator and consequent temperature rise of electronic chips. Hence in 
order to hasten the heat recovery process, electric power supply is provided to TE device. 
The (COP) of the TEA chiller is given by the following equation as proposed by Gordon et al 
[42]. Values for the COP of TEA chiller reported by Gordon et al and Ng et al were 1.2 and 0.7 
respectively [42], [45]. 
)1( TEadsTEA COPCOPCOP +=        eq. 2.7 
 
2.4 Conclusion 
The mechanism of working and formulation of performance of the various chillers 
associated with the TEA chiller has been provided in this chapter. The COP for the TEA 
chiller apparently seems to be enhanced by a factor greater than unity when compared to the 
COP of an adsorption chiller. However, as will be seen in subsequent chapters, COP of 
TEA chiller is reduced by heat losses through adsorbent bed insulation. Chapter 7 provides a 
detailed comparison of the performance of these three chillers for identical cooling 
conditions.
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CHAPTER 3: High temperature application of 
Thermoelectric Adsorption chillers 
This chapter deals with the various challenges and ways for their mitigation in high temperature 
application of the TEA chiller. Most challenges relate to the deterioration in performance of TE device with 
increasing hot side temperature. A ‘modified’ adsorption cycle has been proposed to reduce hot side 
temperature as well as temperature variations as compared to the ‘conventional’ adsorption cycle. The 
performance of the modified and conventional cycles has been compared for an ambient temperature of 200 0C 
and condenser temperature of 220 0C. Results show similar COPs for the conventional and modified cycles, 
however, the modified cycle offers better thermal parameters for accommodation of the thermoelectric device. 
3.1 Challenges in high temperature application 
Referring to the conventional adsorption cycle as shown in Fig. 2-6-right, the 
following issues would have to be addressed with regard to high temperature application of 
the TEA chiller. 
3.1.1 Highest cycle temperature 
The highest cycle temperature (i.e. the regeneration temperature at point H in Fig. 
2-6-right, ‘ HT ’) should not exceed the highest temperature that the hot side of TE device 
can withstand. The regeneration temperature is greater than the condenser temperature. 
Since the condenser temperature would need to be higher than the ambient temperature of 
200 0C, the regeneration temperature must be controlled to accommodate commercially 
available TE devices. The HT series TE modules available from Melcor Corp (now a part of 
Laird Technologies [71]) were able to survive temperatures of up to 225 0C [72]. Currently 
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the ThermaTECTM series high temperature TE modules available from Laird Technologies 
are rated for an operating temperature of 175 0C with the solder joint between the 
thermoelectric material (Bi2Te3) and the ceramic material (Al2O3) rated up to 271 
0C [73]. The 
TG series power generator TE modules available from Marlow Industries Inc are rated for a 
hot side temperature of up to 250 0C [74]. 
3.1.2 Thermal swing  
The thermal swing is defined as )min()max( FH TT − . Here Tx is the temperature at 
point ‘x’ in Fig. 2-6-right. It is the maximum temperature difference through which 
thermoelectric device has to pump heat, and it should lie within limits that allow appreciable 
TE device COP. In order to gauge this limit, a COP plot Fig. 3-1 of TE device HT8-7-30 
(available from Laird Technologies [71]) was obtained using equations 2.2-2.4. The plot was 
obtained for a set of parameters as shown in Table. 3-1. It must be noted that, for this 
analysis, the heat rejection temperature for the TE device (i.e. the temperature of the 
desorbing bed) was considered 250 0C, since it is close to the expected highest regeneration 
temperature ( HT ) of 260 
0C to 270 0C, and to the operating limit of TE devices. This plot 
shows that an appreciable TE COP (> 0.4) can be obtained by restricting the thermal swing 
below 45 0C. Similarly the COP can be maintained above 0.6 if the thermal swing is 
restricted below 35 0C. 
The challenges with thermally harsh environment application are further 
corroborated by the contour plot shown in Fig. 3-2. This plot shows the variation of TE 
device COP with average of hot and cold face temperatures as well as with the difference 
between hot and cold face temperatures. The average of hot and cold face temperatures is a 
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representative of the temperature of application of the TE device. The contour plot was 
obtained for a 3 Ampere current supply to the TE device. The thermo physical parameters 
used were same as stated in Table. 3-1. For high temperature applications (i.e. (Thot+Tcold)/2 
> 150 0C) the plot shows a decrease in TE device COP with any increase in temperature of 
application or the difference between hot and cold face temperatures. An opposite trend is 
observed for application temperatures less than 150 0C, which supports the fact that the 
challenges highlighted in this section are not pronounced for low temperature application of 
TEA system (as studied by Gordon et al [42] and Ng et al [45]). 
Table. 3-1 Values for the various parameters involved in equations 2.2-2.4. In this table ‘Tavg’ refers to the 
average of  hot and cold face temperatures of  the TE device.  
Parameter Description Value 
I Current supplied 0.5 A, 1 A, 2 A, 3 A, 4 A, 5 A, 6 A 
Th Heat rejection temperature 523 K (250 
oC) 
Tc Heat source temperature  473 K (200 
0C) < Tc <  523 K (250 0C) 
RTIM,c 
Thermal interface resistance 
between TE cold face and heat 
source 
0.052 K W-1 
RTIM,h 
Thermal interface resistance 
between TE hot face and heat 
sink 
0.052 K W-1 
αp-αn 
Net Seebeck coefficient of TE 
material 
(-2.025x10-9xTavg
2 +1.42x10-6 Tavg -4.49 x 
10-5) V K-1 (Gordon et al [42]) 
ρ 
Electrical Resistivity of TE 
material 
(4.35x10-8 x Tavg -2.754x10
-6) Ω m 
(Gordon et al [42]) 
k 
Thermal conductivity of TE 
material 
(2.91x10-5xTavg
2 -0.019x Tavg + 4.81) 
Wm-1K-1 (Gordon et al [42]) 
G 
Geometric factor of TE device 
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Fig. 3-1 A TE COP greater than 0.4 and 0.6, can only be possible for values of   ‘Tcold’  greater than 205 0C and 
215 0C respectively (i.e. thermal swing should be less than 45 0C and 35 0C respectively). Above plot was 
obtained for a hat rejection temperature of  250 oC for the TE device. 


















































































Fig. 3-2 Contour plot for the TE device COP. At low application temperature (< 150 0C) the COP increases 
with increasing values of  (Thot+Tcold)/2. At application temperature above 150 0C, the COP decreases with any 
increase in the values of  (Thot+Tcold)/2. 
To put the challenges expressed above in quantifiable terms it was necessary to 
determine the highest temperature and the thermal swing encountered for a typical target 
cooling condition that comprised an evaporator (heat source) temperature of 150 0C and a 
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condenser (heat sink) temperature of 220 0C. With these conditions, temperature at various 
cycle points (I, F, G and H in Fig. 2-6-right) were calculated under certain assumptions that 
ensured cooler temperatures for the adsorption cycle.  The temperature at point G ( GT ) was 
assumed equal to the heat sink temperature. Also, the temperature at point I ( IT ) was 
considered equal to GT , which results in negligible overlap between adsorption and 
desorption processes on the temperature scale. A negligible overlap (i.e. GT = IT ) ensures 
that the entire process H-I has a temperature higher than that of process F-G, thus ensuring 
that transfer of heat from process H-I to process F-G is entirely supported by the 
temperature difference between them. A positive overlap (i.e. GT < IT ) would result in 
increased thermal swing, whereas a negative overlap (i.e. GT > IT ) would necessitate active 
heat pumping by TE device to transfer a part of heat released during process H-I, to process 
F-G. 
With pressure at G and I known ( GP  and IP  are equal to saturation pressure of 
water at condenser and evaporator temperature respectively), the water uptake at G ( Gw ) 
and I ( Iw ) were calculated using equations that describe adsorption characteristics of the 
adsorbate and adsorbent pair. For this research work Zeoite 13-X-Water was considered as 
the adsorbent–adsorbate pair due to its recommended use for high regeneration temperature 
(> 200 oC) in literature [50], [59]. [Table 3-2 presents a comparison of various adsorbent-adsorbate pairs 
in the context of regenerative application at temperatures greater than 200 oC. Zeolite 13X-water and Zeolite 
4A-Water pair was found to be suitable for application. Zeolite 13X-water pair was chosen due to its higher 
pore size and hence higher water uptake when compared to zeolite 4A.] Equations 3.1-3.3 describe the 
water content in zeolite-13X at various temperatures and pressures. In these equations the 
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term ‘p’ represents absolute adsorbent bed pressure in milibars and term ‘T’ represents the 
bed temperature in Kelvin. 3,2,1,0=ia and 3,2,1,0=ib  are constants whose values are listed below. 
These were obtained from literature (Cacciola and Restuccia [75]; Cacciola et al [76]).  
Table 3-2 Comparison of  various adsorbent-adsorbate pairs for suitability in hig temperature application of  
TEA system. 
Adsorbent-adsorbate 
pairs Primary application 
Suitability for application at thermally harsh 
environment 
Silica Gel-Water 
[50], [54], [77], [87]) 
Air conditioning, 
Low temp waste 
heat recovery, Solar 
cooling 
Silica gel disintegrates above 100 oC in the 
presence of water.[54][67] 
Zeolite 4A-Water 
([51], [61], [87])  
Air conditioning, 
Low temp waste 
heat recovery, Solar 
cooling Stable till temperatures greater than 350 oC 




Methanol disintegrates at temperatures 






Ammonia is toxic and can be explosive at 




Low temp waste 
heat recovery, Solar 






Methanol disintegrates at temperatures 







Ammonia is toxic and can be explosive at 
high temperatures and pressure [54] 
Activated Carbon-






Methanol disintegrates at temperatures 
greater than 150 oC with carbon acting as 
catalyst [54] 
Activated Carbon-






Ammonia is toxic and can be explosive at 
high temperatures and pressure [54] 
364.1;7600.731;8540.110;4244.13 3210 eaaaa =−===  
348.3;3624.5;3722.6;337.7 3210 ebebebeb −===−=  
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Lines for constant water uptake were drawn from G and I towards constant pressure 
lines of EP  and CP  to get an estimate of FT  and HT  respectively. The value of HT , the 
highest temperature, was calculated as 283 0C while the thermal swing was calculated to be 
83 0C. These values make it difficult to harness efficient performance from thermoelectric 
devices while operating with a conventional adsorption cycle. Hence the need for a modified 
cycle that could allow a reduction in these values.  
3.2 Modified adsorption cycle 
A modified adsorption cycle is proposed to reduce the thermal swing and the highest 
temperature encountered during the cycle. The proposed cycle breaks the process of 
adsorption and desorption as well as constant volume heating and cooling into two steps 
Fig. 3-3, so that primary adsorption (I-F) in bed-1 is accompanied by primary desorption in 
bed-2 (G-H) and secondary adsorption in bed-1 (I1-F1) is accompanied by secondary 
desorption in bed-2 (G1-H1). It must be noted that unlike the conventional cycle, the 
modified cycle comprises of two condensers and two evaporators, as indicated by points C, 
C1, E and E1 in Fig. 3-3. Condensation at C and C1 is termed as primary and secondary 
condensation respectively. Similarly evaporation at E and E1 is termed as primary and 
secondary evaporation respectively. The maximum temperature encountered is given by 
),max( 1HH TT where XT   is the temperature at point ‘x’ on the cycle’s Clausius diagram. The 
thermal swing for the modified cycle is given by ),min(),max( 11 FFHH TTTT − . In the context 
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of absorption systems, such a cycle is widely used for low temperature waste heat recovery 






















Fig. 3-3 The modified cycle (thick lines) has been shown along with the conventional cycle (broken lines). 
Points C and G coincide in the diagram indicating TC = TG. Modified cycle exhibits less thermal swing in 
comparison to conventional cycle. 
In order to compare the advantages of the modified cycle over conventional cycle 
the temperatures at various points (I, F, G, H, I1, F1, G1 and H1) on the cycle were 
determined. Referring to Fig. 3-3, the evaporator temperature (
ET =150 





0C) were considered known a-priori. The temperature 
difference )( CGGC TTT −=∆ is chosen as 0 
0C. To target least thermal swing (as explained in 
section 3.1.2), any overlap between adsorption and desorption processes is considered 
negligible, (i.e 
IIGG TTTT === 11 ). This is evident from the vertical line that runs through 
points G, G1, I1 and I in Fig. 3-3. With temperature and pressure and G, G1 and I known, 
water uptake at G ( Gw ), G1 ( 1Gw ) and I ( Iw ) can be determined by using equations 3.1-3.3. 
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An intersection of constant water uptake line Iw  and constant pressure line 1CP gives an 
estimate of 1HT . Similarly HT can be determined by using 1Gw  and CP . Determination of 1HT  
and HT easily leads to the determination of 1Hw  and Hw . Since the adsorption process I-F 
corresponds to the desorption process G-H, ( IF ww − ) must equal ( HG ww − ) which leads 
to determination of Fw . Since pressure at F is known ( EP= ), FT can be determined by the 
knowledge of Fw . Further the knowledge of 1Iw (= Fw ) and 1IT leads to the estimation of 
secondary evaporator pressure 1EP . Since pressure and water uptake at F1 
(= 1EP and Gw respectively) are known, 1FT  can be determined. 
3.3 Comparison with conventional cycle 
A graphical illustration of the modified cycle in the backdrop of conventional cycle 
has been presented in Fig. 3-3. If the temperature at heat source (
ET ), heat sink ( CT ) and at 
point G (
GT ) are considered the same for both cycles, the equality of IT , Gw  and Iw  is 
ensured, which leads to same total water uptake )( IG ww −=  for both cycles. However, 
unlike the conventional cycle, where total water uptake is achieved during one adsorption 
process, in the case of modified cycle the value of )( FIIF TTT −=∆  provides a control on 
the extent of contribution of primary and secondary adsorption processes on total water 
uptake. A high value of 
IFT∆  leaves less water to be adsorbed during secondary adsorption 
process.    






0C are considered 
for both cycles. For the modified cycle the value of 
1CT  is chosen as 205 
0C. Using 
procedures already discussed, the temperature and pressure at various cycle points are 
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calculated. Table. 3-3 shows various parameters points for both cycles. It can be observed 
that modified cycle leads to a drop in thermal-swing by nearly 20 0C and a drop in maximum 
cycle temperature by 13 0C.  










Thermal swing (0C) wG-wI 
Conventional Cycle 168 NA 283 NA 115 0.022 



















Fig. 3-4 Clausius diagram showing modified (thick line) and conventional (broken line) cycles, such that the 
temperature and pressure at secondary condenser of  modified cycle matches those at condenser of  
conventional cycle. 
The comparison made above considers a condenser temperature of 220 0C for the 
conventional cycle which need not be the case. The modified cycle needs a higher primary 
condensation temperature to make room for the secondary condenser. The same is not 
necessary for the conventional cycle. Hence another comparison is made where the 
conditions at condenser of conventional cycle match the conditions at secondary condenser 
of the modified cycle.  
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For this condition Fig. 3-4 depicts both cycles on a Clausius diagram. The refrigerant 
saturation line for primary and secondary condensation of modified cycle is depicted by 
processes C-E and C1-E1 respectively, whereas the process C1-E depicts the same for 





GT = CT  and 1CT =205 
0C. Table. 3-4 shows temperature at various points for 
both cycles. In this case the thermal-swing is observed to increase by 8 0C and the highest 
cycle temperature increases by 18 0C. These figures are not favorable for modified cycle, 
however, it must be pointed out that modified cycle manages a cooling load nearly 40% 
greater than that of conventional cycle under the given conditions of comparison. 














164 NA 252 NA 88 0.016 
Modified Cycle 212 174 231 270 96 0.022 
3.4 Performances of various cycles 
A clear picture of the advantages involved with modified cycles could only emerge 
after a comparison of their performance. Towards this end equations formulated by Cacciola 
et al [76] were used to determine the energy requirements of the various stages of 
conventional and modified cycles.  The energy equations have been shown in Table 3-5. 
Each energy equation comprises various energy terms, such as enthalpy of sorption 
and sensible heating/ cooling of the adsorbent beds and the adsorbate. For a calculation of 
these terms the zeolite mass and the mass of adsorbent beds would have to be known. Since 
a typical cooling load for harsh environment electronics (such as oil drilling operation) is in 
the range of 10 to 20W ([47], [48]), a cooling load of 15W was considered for this analysis. 
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Assuming the evaporator temperature as 150 oC, and estimate of vapor generation rate at 
evaporator can be obtained using equation 3.8. it should be noted that ‘V’ represents vapor 
mass. 
Table 3-5 List of  energy equations as a summation of  different terms. Qxy represents the energy ‘required’ (as 
in case of  constant volume heating and desorption processes) or ‘given off ’ (as in case of  adsorption and 
constant volume cooling processes) during a process x-y as shown on Clausius diagram (Figs. 5b, 8, 9 and 11). 
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(x,y) = (I,F) or (I1,F1)
(x,y) = (F,G) or (F,I1) or 
(F1,G)
(x,y) = (G,H) or (G1,H1)
(x,y) = (H,I) or (H,G1) or 
(H1,I)
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&        eq. 3-8 
  
Referring back to Table. 3-3 a conventional cycle will have a water uptake variation 
( IF www −=∆ ) of 0.022 during the adsorption process. Thus the net amount of vapor 
adsorbed by Zeolite during adsorption can be expressed as a product of mass of zeolite and 
water uptake variation, ‘ )( wM Z ∆ .’ If we consider a typical cycle time ‘ cyclet ’ of 10 minutes 
(as considered by Ng et al [45]) for the adsorption cycle, the amount of vapor to be adsorbed 
by the zeolite can also be expressed as: ‘ cycletV
& .’ Equating the two expressions arrived at in 
this paragraph, we obtain:  
)( wM Z ∆ = cycletV
&          eq. 3-9 
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Equations 3.8 and 3.9 were used to estimate the mass of zeolite in one adsorbent 
bed. The value obtained was 185 g. To compare various cycles in terms of their COP and 
cooling load, equations 3.4-3.7 were used to calculate the energy ‘required’/ ‘given off’ by the 
various stages of the cycle. The cooling load managed by the cycles was obtained using 
equations 3.8 and 3.9. The energy terms and cooling load were plugged into equation 2.6 to 
obtain COPads. Further a constant value of TE device COP (COPTE = 0.4) was plugged into 
equation 2.7 to obtain the overall system COP. The basis for chosing COP of TE device has 
been explained in one of the assumptions listed below. The plots for overall COP were 
obtained with the evaporator temperature varying from 95 0C to 195 0C and the primary 
condenser temperature kept constant at 220 0C.  
The following assumptions were made during calculations: 
1. The spatial distribution of pressure, temperature and water uptake in adsorbent bed 
was considered uniform [78]. 
2. The specific heat of zeolite at high temperatures was obtained by extrapolating the 
data available in literature [79]. A constant value of 1.082 kJ kg-1 K-1 was assumed for 
the entire temperature range. 
3. The inert mass ratio ‘i’ of beds, defined as the ratio of thermal mass of inactive bed 
material to the thermal mass of zeolite, was considered 0.5. Similar value has been 
reported in literature Dawoud [54] had a value of 0.7, whereas Critoph [57] considered 
a value of 0.49). 
4. The heat capacity of adsorbate in adsorbed phase was considered equal to its heat 
capacity in vapor phase [76].      
5. A constant TE device COP (COPTE = 0.4) was considered. This allows a simplistic 
estimation of the COP of the TEA system. A true estimation of COPTE would 
require tracking COPTE from a high value (>1) at the initiation of heat regeneration 
process to a low value (~0.1) at the end of heat regeneration process and then 
estimating the average. This has not been covered in this chapter (it has been 
considered in detail in chapter 7). A COPTE of 0.4, however, is an approximation 
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closer to the average value. For instance COPTE varies from a value close to 1.8 to a 
value close to 0 as evident from Fig. 3-1, for a current supply of 3 Amperes. Table. 
3-3 and Table. 3-4 suggest that most cycles have their thermal swing values in the 
vicinity of 90 0C. A COPTE at one half the thermal swing (i.e. 45 
0C) would be 0.4 as 
observed in Fig. 3-1. 
3.5 Results and discussions 













































 = 220 0C
Conventional cycle: T
c
 = 205 0C
Modified cycle: 2 Evaporator
 
Fig. 3-5 Comparison of  various cycles in terms of  their coefficient of  performance and cooling load.  
A MATLAB code was prepared to carry out adsorption cycle calculations. 
REFPROP (McLinden at al [80]) database was integrated into the code to obtain thermo-
physical properties of water. The conventional and modified cycles were compared in terms 
of their COP, cooling load, thermal swing and highest cycle temperature.  Fig. 3-5 and Fig. 
3-6 show relevant plots. The plot for COP reflects the performance of the adsorption cycle 
(COPads) alone as the COPTE was considered constant during this study. 
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Conventional cycle: T
C
 = 205 0C
Modified cycle: 2 Evaporator
 
Fig. 3-6 Comparison of  various cycles in terms of  the thermal swing and highest temperature encountered 
during the cycle. The horizontal lines show the limits for thermal swing and highest cycle temperature. Limit 
for thermal swing (~95 0C) was obtained from values obtained in Table. 3-3 and Table. 3-4, whereas limit for 
highest cycle temperature (~250 0C) depends on the operating limit of  commercially available TE devices.   
Leaving out the conventional cycle with condenser temperature of 205 0C, all other 
cycles have same highest condenser temperature of 220 oC. Among those cycles, the 
modified cycles perform better than the conventional in terms of COP, cooling load as well 
as thermal swing and highest cycle temperature. This is on account of improved cooling 
load, as well as reduced energy requirements due to less thermal swing. Less thermal swing 
reduces the energy required during cyclic heating of adsorbent beds and contained zeolite. 
Once we incorporate the results for the conventional cycle with lower condenser 
temperature (i.e. TC = 205 
0C), it is observed that lowering the condenser temperature has a 
healthy effect on thermal swing, highest cycle temperature and the COP. However, the price 
for these improvements is paid in terms of lower cooling load. Lower cooling capability 
results from reduced pressure difference between points G and I on the Clausius diagram 
(PC1 in Fig. 3-4 in less than PC in Fig. 3-3). 
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The horizontal lines in Fig. 3-6 mark the maximum allowable limit of thermal swing 
and highest cycle temperature (refer: caption of Fig. 3-6). The corresponding vertical lines 
mark the temperature to which a particular cycle can be used to cool electronics. A cycle 
should be used to cool only till an evaporator temperature that satisfies both the thermal 
swing as well as highest cycle temperature requirements. For instance, the modified cycle will 
breach the highest temperature limit and allowable thermal swing limit for cooling below 170 
0C and 155 0C respectively, hence it can only be used to cool till an evaporator temperature 
of 170 0C. 
The COP (Fig. 3-5) has an unexpected behavior (i.e. it decreases as the heat source 
temperature approaches the heat sink temperature). This can be explained on the basis that 
with increasing evaporator temperature, the net water uptake during a single cycle time 
decreases for both conventional and modified cycles. The total water uptake during a cycle 
depends on the difference between the pressure extremes that the cycle faces (i.e. pressure 
difference between points G and I on the Clausius diagram). A reduction in net water uptake 
)( IG ww −=  occurs as evaporator pressure gets closer to the condenser pressure. However, 
the energy requirements do not decrease enough to keep the overall COP increasing. A 
different trend in COP can be observed if a different criterion is chosen to determine the 
adsorption cycle. In the present study, the temperatures at G and I were considered equal. 
One can also chose a constant temperature difference between points I and F or a constant 
water uptake during adsorption process. Fig. 3-7 shows the COP of the conventional cycle 
(TC = 220 
0C) for these criteria.  
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Fig. 3-7 COP for the conventional cycle under two different criteria. (Left): Temperature difference between I 
and F considered constant. (Right): water uptake during the adsorption process considered constant. 
The plot obtained in Fig. 3-7 does confirm to the notion that COP should increase 
with decreasing difference between evaporator and condenser temperature, however, a close 
observation of Fig. 3-7 reveals that  for a certain evaporator temperature (close to the 
condenser temperature) a maxima exists for the cycle COP. This happens because the energy 
requirements for the cyclic heating and cooling of adsorbent beds do not decrease enough to 
lead to a monotonous rise in COP. In the context of electronics cooling by TEA chiller, 
enforcing the condition that equates temperatures at G and I will be more useful as it leads 
to higher COP at evaporator temperatures that are farther apart from condenser temperature 
(refer: Fig. 3-5-left, and Fig. 3-7). 
3.6 Volume considerations for the TEA chiller 
While the above section shows the viability of adsorption system on the basis of its 
performance and thermal behavior, a sizing estimation will be essential to show that the 
system could be suitable for an electronic enclosure. For this purpose cooling load for 
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various electronics applications was considered from Ohadi and Qi [38] and the amount of 
zeolite needed for their thermal management was calculated using equations 3.8 and 3.9. Fig. 
3-8 gives an approximate pointer to the volume of the zeolite needed for different cooling 
requirements.  
































OWD- Oil Well Data
ABS  - Anti-Skid Brake System
IGN   - Ignition MOdule
TCM/ECM - Transmission/Engine
Control Module
EPS - Electronic Power Steering
 
Fig. 3-8 Volume of  zeolite needed in a single bed for various electronic cooling applications. (Condenser 
temperature 220 0C, Evaporator temperature 150 0C, cycle time 10 minutes). 
 It can be observed that a zeolite volume of 1200 cm3 per bed would satisfy most of 
the cooling loads. Since adsorption beds contain inert metal mass along with the zeolite, the 
volume of metal mass must also be included to have a realistic estimate. The volume of 
metal required was assumed nearly equal to the volume of zeolite used in the beds. Also, 
considering the fact that at least two beds would be needed for a regenerative system, the 
complete ‘adsorption compressor’ may occupy volumes up to 4800 cm3 (=1200 x 2 x 2). 
With most of the electronics cooling application (i.e. ABS, IGN and OWD as shown in Fig. 
3-8) being taken care of within a volume limit of 600 cm3 of zeolite for a single bed (2400 
cm3 for the whole ‘adsorption compressor’), the adsorption compressor would compare well 
with some of the conventional mechanical compressors that have been used to make 
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compact cooling systems for electronics. Table. 3-6 lists few examples of commercially 
available mechanical compressors that have been made to fit into compact enclosures for 
electronics cooling (Coggins [81]).              
Table. 3-6 Volume of  various commercially available mechanical compressors that have been used for 







Incorporation of thermoelectric device in between adsorbent beds makes the cooling 
system compact and eliminates need for several moving parts such as flow reversal pumps 
that are otherwise required for fluid flow assisted heat regeneration and recovery. However, 
a high temperature application poses challenges in the light of thermal operating limits of TE 
devices. The study presented in this chapter suggests a modified cycle to mitigate such 
challenges. The modified cycle breaks adsorption and desorption into two steps, thus 
reducing temperature variations and highest cycle temperature encountered during the 
adsorption process.  
Commercial name of Compressor Volume (cm3) 
Danfoss BD35F 2229.3 
Danfoss BD50F 2229.3 
Danfoss TL4CL 3766.7 
Danfoss FR8.4CL 4860.4 
Danfoss NF9FX 3671.3 
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CHAPTER 4: Practical issues with application of 
TEA chillers in harsh environment 
In the previous chapter a comparison of the performances of a modified cycle with conventional cycle 
was presented. The modified cycle was proposed with a view to reduce highest temperature and temperature 
variations in the cycle. These measures are necessitated due to the operating limits of the TE device. However, 
an adsorption cycle tuned to the requirements of TE device has less flexibility in managing varying cooling 
load from electronics. This chapter identifies several options to solve this problem. It has been shown that 
varying number of ‘active’ TE devices in between beds of a TEA chiller is the most promising solution to 
handle dynamic cooling loads, while still satisfying TE device needs. For simplicity, this chapter deals with the 
conventional adsorption cycle, however, if one considers modified cycle as a combination of two conventional 
cycles, the analysis and results can easily be extended to modified cycles also. 
4.1 Cooling load Vs thermal operating requirements of the TE 
device 
Given the fact that a target temperature of the harsh environment would be close to 
200 0C and that most commercially available TE devices have their thermal operating limits 
near 250 0C, constraints would have to be placed on the hot and cold face temperatures of 
the TE device. This implies that the adsorption cycle (process HGFI −−− ) in Fig. 2-6-
right would have to be accommodated within a very narrow temperature range, thus leaving 
little room to vary temperatures at points )(, FTF  and )(, HTH . An adsorption cycle limited 
in adsorption and desorption temperature may only address a restricted range of cooling 
loads, thus making the system inflexible in face of varying cooling loads. Below this problem 
is described in a mathematical framework. 
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Considering steady state operation where an adsorption cycle manages a certain heat 
load. The amount of vapor adsorbed in the adsorbent bed ‘ adsorbedV ’ is given by the product 
of adsorbent (Zeolite) mass and the increase in water uptake ‘ w ’ during the adsorption 
process. 
adsorbedV  = )( IFz wwM −×         eq. 4.1 
Since during steady state operation the amount of vapor given by expression 4.1, 
must be equal to the vapor generated in the evaporator during one cycle time ‘ cyclet ’. Hence 
the vapor generation rate in the evaporator ‘ evapnetV ,
& ’ is given by: 
cycleadsorbednetevapnet tVV /,, =
&         eq. 4.2 
Equations 4.1 and 4.2 can also be directly deduced from equation 3.9. It should be 
noted that in deriving the above set of equations we have assumed steady state condition, 
hence irrespective of the amount of vapor occupying the open spaces in the evaporator and 
adsorbent beds, the vapor cycled between evaporator and adsorbent beds will be the net 
vapor generated in the evaporator.  
Independent of equations 4.1 and 4.2, the vapor generation rate in the evaporator 
can also be obtained by using thermo-physical properties of refrigerant, cooling load and 
evaporator and condenser temperatures. The net enthalpy gain for an evaporator (in a cycle 
time ‘ cyclet ’) is given by the sum of cooling load and the enthalpy of the throttled refrigerant 






































    eq. 4.3 
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Since the mass of refrigerant in the evaporator remains constant over time, the 
amount of refrigerant coming in through the expansion valve ‘ cyclethrottle tV ×
& ’, must equal the 
refrigerant vapors that are adsorbed during the adsorption process ‘ evapnetV , ’ implying: 
evapnetV ,  = cyclethrottle tV ×
&          eq. 4.4 
Combining equations 4.3 and 4.4 we obtain an equation 4.5 for net vapor generation 














































&    eq. 4.5 
These equations show that there exist two independent ways of arriving at the total 
vapor generation rate. The first is given by equation 4.2 and the second is given by equation 
4.5. For proper thermal management of the cooling load, the vapor generation rate given by 
these two equations must be equal. Since the evaporator and condenser temperature and the 
thermo-physical properties of refrigerant are fixed for a given cooling system, the parameters 
associated with the adsorption cycle ( IFz wwM ,,  and cyclet ) must vary in response to a 
change in ‘ chipQ
& ’, the rate of heat dissipation by the electronics. In the list of adsorption 
cycle parameters ,Fw  and )( HI ww =  are directly dependent on the temperatures at 
)( FTF and )( HTH . These temperatures are an indicator of the temperature difference 
across which TE device needs to pump heat during heat regeneration. These temperatures 
have limited variability due to thermal requirements of TE device. Hence a TEA system 
must satisfy two distinct sets of requirements for proper thermal management. This has been 
described graphically in Fig. 4-1. For an adsorption cycle perfectly tuned to the TE device as 
















Fig. 4-1 Illustration showing the terms dictated on the adsorption process by TE device and Electronic chip 
thermal load requirements. The adsorption process has three parameters namely adsorbent mass, cycle & 
switching time and temperature extremes during the cycle that may be adjusted to satisfy both electronic chip 
and TE device requirements. 
To address an increase in heat load, the following could be done: 
1. Increase the mass of the zeolite in the adsorption beds.  
2. Increase the extent of heating of the adsorption beds, i.e. increase the difference 
between FT  and IT .  
3. Increase the frequency of vapor adsorption from evaporator, or in effect decrease 
the cycle time of the system. 
Similarly, in order to address a decrease in heat load, following could be done. 
1. Decrease the mass of the zeolite in the adsorption beds. 
2. Decrease the extent of thermal variation during adsorption process. 
3. Decrease the frequency, i.e. increase the cycle time. 
In the following section, we discuss, ways for the TEA system to adjust to varying 
heat dissipation from the electronic chip, while still satisfying the thermal operating 
conditions of a TE device.  
4.1.1 Varying the mass of zeolite in adsorption beds 
For any practical adsorption system, designing beds that could vary the mass of 
zeolite, presents complexity in bed design. While beds with internal partitions have been 
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designed for research purposes ([60], [67]), miniaturizing them and making them work in 
harsh environment may defeat the objective of having less moving parts.  
4.1.2 Varying the extent of temperature variation 
An increase or decrease in temperature variation during adsorption and desorption 
process accordingly changes the total water adsorbed in an adsorption cycle (Fig. 4-2). This 
feature can be used to adsorb more or less water vapor according to the thermal load 
requirement. While this is easily done for adsorption systems that use a variable temperature 
heat source for regeneration and for low temperature applications where hot and cold face 
temperature of TE device could be varied, in the case of high temperature application, a 
similar approach poses challenges that make it less attractive. Challenges relate to the low 
temperature difference across which a TE device is capable of pumping heat, with good 



















Fig. 4-2 A shift in process H-I in either direction can lead to a change in total temperature variation in 
adsorption and desorption processes, thus leading to similar changes in total water uptake. It must be noted 
that zeolite water content at constant pressure, is a function of  temperature only. 
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A shift of process IH − towards right hand side for a greater water uptake during a 
cycle will increase the temperature at )( HTH , as is apparent from Fig. 4-2, in the adsorption 
cycle, thus making it less favorable for TE device based heat regeneration. On the other 
hand, a shift of process IH −  towards left for a reduced water uptake will change the 
amount of heat to be regenerated by the TE device. It can be seen that for the initial 
cycle HGFI −−− , the process IH −  is at a temperature higher than process GF − , thus 
rendering the heat transfer from process IH − to GF −  effortless for the TE device. For 
the cycle '' HGFI −−−  however, some part of the heat transferred from '' IH −  to GF −  
would be against an unfavorable temperature gradient (see Fig. 4-3). [Heat transfer from 
KH −' to JF − is from a region of higher to lower temperature, whereas heat transfer from 'IK − to 
GJ −  is from a region of lower to higher temperature. The points J  and K  are obtained such that the 
energy requirement of process 'HGJ −−  equals that of process FIK −− ' , and that both J  and K  
have the same temperature ( KJ TT = ).] This extra addition in load on TE device is, however, 
compensated by the reduction in heat pumping requirements associated with adsorption and 
desorption processes. The adsorption process reduces from FI − to FI −' and desorption 
process from HG − to 'HG − . A study of the net effect of reduction and increase in heat 
load due to shift of IH −  towards the left should make it clear if this could be a desirable 
option to manage a reduced heat load.  
For analysis we consider a hypothetical TEA system with condenser temperature 
‘ CT ’ = 200 
0C and evaporator temperature ‘ ET ’ = 150 
0C. Temperature at )( GTG is 
considered about 10 0C higher than temperature at condenser )( CT . Equilibrium water 
content of zeolite at point G = ( Gw ) and I = ( Iw ) are calculated by using the Zeolite-Water 
adsorption equations 3.1 – 3.3. Drawing constant water uptake lines downwards and 
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upwards from G  and I  respectively, and marking their intersection with lines of constant 
pressure P  (= EP  and CP ) gives us points F  and H  respectively. It must be noted that 
zeolite water content at points F = ( Fw ) and H = ( Hw ) are equal to Gw and 
Iw respectively. A zeolite mass of 200g is considered in each bed. Using equation 4.1, this 
amount of zeolite gives us a total water intake of 3g during each cycle (assuming a cycle time 
of 600s – close to the cycle time assumed by Ng et al [45]) and using equations 4.2-4.6, a 
manageable heat dissipation rate of 9W is obtained, which is typical for applications like 
ignition module, anti-skid braking system [38] and oil well data acquisition [48]. For this 
system the energy required or given off during each of the cycle processes was obtained 
using the energy relations given by Cacciola et al ([75], [76]), equations 3.4-3.7. The 
temperature at various cycle points and the energy per unit time needed/ given off by 





















Fig. 4-3 Leftward shift of  H-I to the new position H’-I’ brings parts of  the process H’-I’ at a lower temperature 
than some parts of  the process F-G. J-G is at a higher temperature than K-I’. 
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A MATLAB code was developed to calculate the total heat load that would have to 
be pumped against an adverse temperature difference by the TE device for a certain 
temperature at )( ITI . Corresponding values of manageable cooling load were also calculated 
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Fig. 4-4 Diagram showing the energy per unit time required/ given off  by various processes.  75W would have 
to be pumped from adsorbing bed (process I-F) and 87W delivered to the desorbing bed (process G-H). 
Similarly 71W should be pumped during the isosteric cooling process (H-I) and 60W delivered to isosteric 
heating phase (process F-G).  


























































Fig. 4-5 Variation of  power to be pumped against an adverse temperature gradient and manageable cooling 
load with varying temperature at I. 
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From Fig. 4-5, it can be observed that both the manageable cooling load and the 
power that the TE device would have to pump against an unfavorable temperature gradient 
decreases as the process IH −  is moved towards left. Hence leftwards shift of process 
IH −  could be a possible answer to a decreased cooling load.  
4.1.3 Varying the cycle time 
Varying the cycle time or the frequency of vapor collection from evaporator unit can 
be another way to manage varying heat load. This would mean carrying out the same cycle, 
but with a reduced or increased cycle time. Thus for a shorter cycle time same amount of 
vapor will be adsorbed in a shorter time, enabling the system to manage an increased heat 
load. A longer cycle time will do just the opposite. Since the adsorption-desorption processes 
remain unchanged i.e. the temperatures at various cycle points ( F ,G , H  and I ) remain 
unchanged, the energy to be pumped to or from any of the processes 
( FI − ; GF − ; HG − ; IH − ) will also remain unchanged. Thus a shorter cycle time would 
imply the same amount of heat of adsorption/ desorption being pumped in a shorter time 
interval, thus leading to an increase in the ‘power’ handled by the TE device. Since TE 
device efficiencies are typically much less than unity, an increased heat-pumping rate would 
lead to an increase in power input to the TE device. This must be kept under check, because 
increased power input will further lead to increase in hot and cold side temperatures of TE 
device and further deteriorate its efficiency (ref: Fig. 3-2).  
However, before our analysis we must have a look at the energy requirements of the 
cycle in detail. We revisit Fig. 4-4. The stated energy requirement is ‘cycle-time-averaged.’ 
Hence if the cycle time were 1 second, the processes IH −  and FI −  would need to reject 
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71 J and 75 J respectively, and likewise the processes GF −  and HG −  would require 60 J 
and 87 J. However, since the total cycle time would have to be apportioned between heat 
regeneration (heat exchange between adsorption and desorption processes) and heat 
recovery (heat exchange between constant volume heating and cooling processes) phases, 
these energy transfers would not get the entire 1-second duration. We have further assumed 
that the time for heat regeneration and recovery is apportioned in the ratio 3:2. This ratio is a 
more conservative estimate than what has been used by other researchers (Fig. 4-6). Fig. 4-7 
graphically explains the notion of apportioning heat regeneration and recovery times. 






























Fig. 4-6 Ratio of  heat regeneration and recovery times considered by various researchers. Ref  1 : [42], Ref  2: 
[45], Ref  3: [52], Ref  4: [77], Ref  5: [90], Ref  6: [62]. 
Cycle t ime 1 second 
Adsorption Bed 2 
Desorption Bed 1
Time scale

















































Fig. 4-7 Appropriation of  cycle time between adsorption-desorption and mutual heat exchange (isosteric 
heating and cooling) processes.  
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With the apportioned time taken into account, the power terms for different 
processes ( FI − ; GF − ; HG − ; IH − ) would be 125 W, 150 W, 145 W and 177 W 
respectively.  These figures may go up (more load on TE device) with a decrease in cycle 
time, or may come down (less heat pump load on TE device) with an increase in cycle time.  
An increase in heat pump requirement will require more electrical power input for the TE 
device and hence more inefficiencies in the process. In order to prevent this, a solution is 
proposed wherein multiple TE devices will be used and the number of devices ‘active’ will 
vary as per the heat pump requirement. Here the decision regarding the number of active TE 
devices becomes critical to the efficient performance of the adsorption cooling system. This 
decision can be made under different criteria. Below we have considered three such criteria 
and described their application. 
1. Each active TE device operates at it maximum COP. 
2. Each TE device operates at conditions that allow maximum heat to be pumped 
from the cold side to the hot side.  
3. The electrical power input to TE device has an upper limit. 
Following assumptions were made to simplify the analysis. 
1. The heat transfer between constant volume heating and cooling phases is 
ignored, since it takes place from a region of higher temperature to a region of 
lower temperature. 
2. The hot side temperature of the TE device is considered as the average of 
temperatures at the ends of process HG − , i.e .2/)( HG TT +  The cold side 
temperature of the TE device is considered as the average of temperatures at the 
end of processes FI − , i.e .2/)( FI TT +  
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3. Thermal resistance between the adsorption bed and the TE device interface is 
ignored. 
Under these assumptions, Fig. 4-8 shows the performance of the TE device in terms 
of its COP, and heat pump rate. Commercially available TE device HT8-7-30 from Laird 
Technologies [71] was considered for this analysis.  



































Power pumped at cold side
 
Fig. 4-8 Performance of  the TE device in terms of  COP, power input and power pumped, plotted against 
various current supply.  
From Fig. 4-8 it is apparent that the maximum COP of the TE device is not 
consistent with the conditions under which maximum power is pumped at the cold side. 
Maximum COP corresponds to a current supply of 2.5 A, whereas maximum power 
pumped at cold side corresponds to a current supply of 6.7 A. Under these conditions the 
power pumped at the cold side is 15 W and 35 W respectively. Imposing a condition that 
maximum input power available for a TE device could only be 50 W, we observe that the 
power pumped from the cold side would be nearly 30 W.  At this stage we know the power 
pumped at cold side under all the three conditions. Next, considering the same system 
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parameters, as they would be for a cycle time of 1 s, we consider the cycle time varying from 
0.5 s to 2 s, which corresponds to the cooling load varying from 18 W to 4.5 W (cycle time 
of 1 s corresponds to 9 W of cooling load). As discussed before, for every cycle time, the 
power to be pumped out of process FI −  and the power to be pumped into process 
HG −  would be different (increasing with decreasing cycle time and vice-versa). We 
consider the power pumping capacity of a TE device under the three conditions (as 
discussed before) and use it to determine the total TE devices required to fulfill the total 
power to be pumped out of process FI − . Fig. 4-9 shows a plot of the number of TE 
devices required for various cycle times, with each cycle time corresponding to a unique 
cooling load (cooling load varies linearly from 18 to 4.5W as cycle time varies from 0.5 to 2 
seconds). 
































maximum heat pump rate 
power input fixed at 50W
 
Fig. 4-9 Number of  TE devices required for various cases. The plot is continuous, however only integer values 
will be valid for the number of  TE devices. 
The plot obtained shows that the criteria based on maximum COP gives the most 
number of TE devices to be operated for a given cooling load. The TE devices estimated on 
the basis of maximum power pumped from cold side is the least. The number of TE devices 
estimated depending on a constant electrical power (50W) input to each device lies in 
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between the values obtained by the other two criteria. The corresponding COPs for the 
cases plotted in Fig. 4-8 are 0.65 (maximum COP), 0.5 (power supply of 50W to individual 
TE devices) and 0.3 (maximum heat pump rate from cold side). These COP values remain 
constant across the values of cycle time. The maximum number of TE devices needed to 
address the highest cooling load (corresponding to lowest cycle time) may have to be 
included in the design of the adsorption bed, since more TE devices would require more 
surface area to thermally connect with the adsorption beds. Ng et al [45] have used 9 TE 
devices (each 40mm x 40mm) arranged on adsorbent beds with a circular face (aimed at 
cooling conventional desktop electronics), whereas Sinha et al [82] have used 5 TE devices 
(30mm x 33 mm) arranged in a linear fashion, which could be more suitable for inclusion in 
long cylindrical spaces, as in housing of oil well electronics. 
At this stage it could be argued that a strategy to keep a fixed number of TE devices 
active (where the fixed number is decided by the worst case scenario corresponding to 
maximum possible cooling load) irrespective of variation in cooling load may always suffice. 
While such an approach will always have minimum possible heat pumping load on each TE 
device (since all TE devices will share the load equally), it may not be an efficient 
arrangement. Fig. 4-10 (a representation of Fig. 4-8), shows that for case 1 (maximum TE 
COP) a decrease in the heat pump load for individual TE devices will shift point 1’ towards 
left, thus pushing point 1 downhill along the COP curve. For case 2 (fixed input electrical 
power to each TE device) however, a leftwards shift of point 2’ will drive point 2 uphill 
towards a region of improved COP, till the condition of maximum COP is achieved, beyond 
which the COP will decrease. A similar behavior will be observed for case 3 (maximum heat 
pump rate from cold face). Hence it is clear that in order to have maximum possible COP, 
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with varying cycle time (and hence varying cooling load) few TE devices will need to be shut 
down. 











































Fig. 4-10 A representation of  figure 14 explaining why few TE devices will need to be shut down with 
decreasing cooling load. 
It should be noted that while calculations have been carried out on the basis of 
power to be pumped from process FI − , the power delivered to process HG −  would be 
in excess of the requirement. Beds may have cooling arrangement to reject the heat not 
utilized during the desorption process. This could be without any active heat pumping 
mechanism, because the temperature during desorption phase is always greater than the 
surrounding (condenser) temperature. The added heat transfer area for this heat rejection 
should not affect system miniaturization as the temperature difference across which heat 
needs to be rejected could be as high as 50 0C. 
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4.2 Conclusions 
Since TE devices have their own unique thermal needs, the adsorption cycle, not 
only has to cater to the cooling load, but also to the thermal requirements of the TE devices. 
A TEA system perfectly tuned to the thermal requirements of the TE device may only 
address a specific cooling load and have little flexibility in managing varying cooling loads. 
This will make the system impractical as heat dissipated by electronics remains dynamic 
during operation. In the work presented, methods have been proposed that make it possible 
to tackle varying heat load, while still maintaining good performance from TE devices. 
The proposed method dictates an increase in the number of active TE devices, along 
with a reduction in cycle time to counter increased cooling load. For a reduction in cooling 
load, the cycle time will be increased with fewer active TE devices. Another approach to 
manage a reduction in cooling load is a ‘leftwards shift’ of the isosteric cooling process. A 
more complex maneuver could be a combination of ‘leftward shift’ and changes in cycle 
time, as well as the number of active TE devices. 
For the proper functioning of the methods proposed in this chapter, a control 
mechanism would have to be implemented that could decide upon the number of TE 
devices to be kept active and the appropriate cycle time. An electronic system, it could easily 
fit within the miniaturized cooling system, or within the electronic module that the system is 
supposed to cool. It should add only a small additional thermal load to the already existing 
harsh environment electronics.  
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CHAPTER 5: System simulation and experiments 
with the conventional cycle 
This chapter describes the experiments that were carried out to demonstrate the working of TEA 
chiller in thermally harsh environment. The prototype of a thermoelectric adsorption heat pump was fabricated 
and experiments were carried out for a targeted condenser and evaporator temperature of 165 0C and 140 0C 
respectively. A coefficient of performance (COP) of 0.2 was obtained and the heat load managed by the system 
during experiment was estimated to be about 4W. A mathematical model of the heat pump was also 
prepared and the experimental results were compared with the model simulations. The experiments were 
carried out with the conventional adsorption cycle running in adsorbent beds. 
5.1 Experimental set-up 
An experimental set-up was fabricated and assembled. Fig. 5-1 shows the schematic 
of the set-up. A brief description of the parts of the set up is given below. 
5.1.1 Adsorbent beds and thermoelectric assembly  
The adsorption bed was made out of stainless steel shell and copper plate. The steel 
shell had a semi-circular cross-section measuring 6.3 cm in diameter and 20 cm in length. 
Steel end caps were provided on either end with provisions for vapor outlet/ inlet, resistive 
heater, thermal probe and cooling fluid pipes. Perforated fins were brazed on to the inward 
face of the copper plate for efficient heat transfer into the zeolite mass. Fins were perforated 
so that the vapor transport inside bed should not be hindered. Fig. 5-2-left shows a cut out 
view of the CAD model of the adsorbent bed. Copper plate was brazed to the steel casing 
for a pressure tight enclosure. Fig. 5-2-right shows the CAD model of a single adsorbent bed 
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with copper plate attached. Fig. 5-3 shows the photographs of the actual bed assembly. 
Zeolite-13X beads with an average diameter of 2.21mm (SYLOBEAD-514 from Grace 
Davison ([83], [84])) was used to fill up the space inside the bed.  APPENDIX A  shows the 
distribution of mass and diameter of individual zeolite beads. Five TE devices (HT8-7-30 
from Laird Technologies [71]) were placed on the copper face and sandwiched between two 
beds. Thermal interface pads (Gap Pad 5000S35 from Bergquist Company [85]) were used to 
































































































































Fig. 5-1 (Left) Schematic diagram of  the experimental set-up showing condenser, evaporator, adsorption beds 
and the refrigerant flow loop. (Right) Schematic diagram of  the cooling fluid flow loop through the adsorption 
beds. P1...3 are the pressure transducers. Valves V1 and V2 help connect beds with either condenser or 
evaporator. Valves V3 and V4 help measure evaporator and condenser inlet and outlet pressure by using just 
two pressure transducers (P3 and P4). The resistive heaters shown in the beds were used to preheat the beds 
and maintain their temperature to ‘thermally harsh’ levels during the experiment. 
5.1.2 Evaporator and Condenser 
Evaporator is a partially water filled cylindrical stainless steel chamber with end caps 
designed to have provisions for refrigerant (water) inlet-outlet, capillary tube and vapor 
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outlet to adsorption beds and a resistive heater. The resistive heater simulates power 
dissipation by an electronic chip module. Condenser is realized by coiled steel tubing (1m in 
length, with an inner and outer diameter of 4.8and 6.4 mm respectively) immersed in an oil 
bath (glycol based heat transfer fluid with the commercial name Duratherm G [86]). The 
refrigerant circuit between the condenser and evaporator was completed by a steel-tubing 
(diameter 1/16th of an inch), which acted as an expansion valve. Fig. 5-4 shows the 








Fig. 5-2 (Left) A cut-out section of  the adsorption bed. The cooling fluid lines and perforated fins attached to 
copper plate could be seen here. (Right) Back view of  the bed, which includes the copper plates and TE 
devices attached with the help of  a thermal interface material. 
5.1.3 Harsh Environment 
The condenser assembly was placed inside an oven. The oven was equipped with a 
temperature control unit that enabled precise control of heat rejection temperature. For the 
rest of the set up (comprising of adsorbent beds, evaporator and tubing work) that was 
placed outside the oven for easy handling during experiment, the simulation of harsh 
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Fig. 5-3 Adsorbent bed assembly. (A) Perforated copper fins, (B) Copper fins brazed to copper plate, (C) Other 
side of  copper plate showing slots for TE device, (D) Bed casing showing the tubes, thermal probe and heater, 
(E) Outer view of  bed casing, (F) Bed copper plate with TIM (Thermal Interface Material) and TE devices, (G) 
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Fig. 5-4 Fig 1 shows the steel casing and the top and bottom cap plates for the evaporator assembly. Fig 2 
shows the assembled evaporator. Fig 3 shows the condenser coils assembled in a pan. The pan was filled with 
heat transfer fluid and placed inside the oven to simulate thermally harsh heat rejection temperature. 
5.1.4 Overall experimental set up 
The overall experimental set up comprised of the adsorbent bed-thermoelectric 
assembly along with evaporator, condenser, connecting tubing, power supply, data 
acquisition system and vacuum and water fill station. Fig. 5-5 shows the photograph of the 
experimental set up. 
5.2 Mathematical modeling of the system 
Energy and mass balance equations were used along with Langmuir linear driving 
force model for adsorption to model the various system processes.  For energy balance, a 
lumped capacitance model was used to model the active and inactive components of the 
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beds, evaporator and the condenser. Similar methods of modeling adsorption cooling 
systems have been described in the literature ([42], [52], [56], [59], [66], [75], [76], [87]-[95]) 
with good agreement with experimental results. Equations presented below give a 



















Fig. 5-5 Fig 1 shows the bed and evaporator assembly along with tubing connections. Fig 2 shows the tubing 
connections that connect bed and evaporator assembly to the condenser unit that is placed inside the oven. Fig 
3 shows the overall set up. A: data acquisition unit, B: power supply unit, C: Water degassing station, D: 
Vacuum pump, E: evaporator assembly, F: adsorbent beds assembly. 
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5.2.1 Linear driving force model 
The rate of change of water uptake during adsorption and desorption was 
determined by a Linear Driving Force (LDF) model.  
)( wwkw −= ∗&          eq. 5.1 
)/)exp(( 21 Tkkk −=          eq. 5.2 
Here w  refers to the water uptake at the bed temperature and pressure and k  is the 
temperature dependant rate constant for the linear driving force model. 1k  and 2k  are 
constants obtained from literature ([89], [96]). ∗w is the equilibrium water uptake at the bed 
temperature and pressure determined by equations 3.1-3.3. The authenticity of these 
equations was determined by comparison with experimental results available in literature. 
Authenticity of the commercially available zeolite sample was determined by X-ray 
diffraction analysis. ( APPENDIX B  and  APPENDIX C  describe these authenticity tests.  
APPENDIX D  describes the reliability of zeolite samples in the wake of constant 
hydrothermal cycling.) Although LDF model is a simplistic model for adsorption kinetics, its 
has been used by various researchers to model non-equilibrium adsorption processes ([52], 
[56], [89], [96]) and its validity on a macro scale has been shown by Sircar et al [97]. 
5.2.2 Energy balance equation for evaporator 










&        eq. 5.3 
Here eψ  represents the rate of change of energy due to mass transfer across the 
evaporator boundary. 
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))()((_ efcfoutcapillarye ThThm −= &ψ         
( )( ))(,_ efbbginevap ThTPhm −+ &          
( ))()(_ efegoutevap ThThm −− &         eq. 5.4 
Here subscript ‘b’ represents bed ‘i’ and ‘j’ when multiplied with mass terms related 
to the two beds respectively. 
5.2.3 Energy balance equation for condenser 
cacoilbathccc TTUT ψλ +−−= )(_
&        eq. 5.5 
Here cψ  represents the rate of change of energy associated with condenser due to 
mass transfer across the condenser boundary. 
))(),((_ cfbbgincondc ThTPhm −= &ψ         
( )( ))(_ cfcgoutcond ThThm −− &         eq. 5.6 
Here subscript ‘b’ represents bed ‘i’ and ‘j’ when multiplied with mass terms related 
to the two beds respectively. 





























+ ψ         eq. 5.7 
Here bψ  represents the rate of change of energy due to mass transfer across the 
boundary of the bed. 
))((1 , adsbbgbzb HTPhwM
&& ∆−×−=ψ         
( ) ( )( )( ))(,)( 1 egbbgadsbzebeb ThTPhHwMF −−∆∆+ &       
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( ) ( )adsbzebeb HwMF ∆∆−+ 2)1( &         
( ) ( )adsbzbcbc HwMF ∆∆+ 3)( &         
( ) ( )( )( ))(,)1( 4 cgbbgadsbzbcbc ThTPhHwMF −−∆∆−+ &      eq. 5.8  
Here 1=∆ xy  if yx PP > . Also 1=xyF if the valve between the components ‘x’ and 
‘y’ is open. If the valve is in close state, 0=xyF . 
5.2.5 Mass balance equation for the evaporator, condenser and adsorbent 
beds 
The various mass flow terms for the evaporator, condenser and the beds have been 
described in the following equations. 
jzjiziinevap MwMwm _2_2_ )1()1( &&& −+−=       eq. 5.9 
jzjizioutevap MwMwm _1_1_ &&& +=        eq. 5.10  
jzjiziincond MwMwm _3_3_ )1()1( &&& −+−=       eq. 5.11  
jzjizioutcond MwMwm _4_4_ &&& +=        eq. 5.1 
The various ‘w’ terms in the above equations have been described below. 
( ) jibwwkFw bbebbebebi ,;* =−∆=&        eq. 5.13  
( ) jibwwkFw bbebbebeb ,;)1( *2 =−∆−=&       eq. 5.14 
( ) jibwwkFw bbcbbcbcb ,;*3 =−∆=&        eq. 5.15 
( ) jibwwkFw bbcbbcbcb ,;)1( *4 =−∆−=&       eq. 5.16 
jibwwwww bbbbb ,;4321 =+++= &&&&&        eq. 5.17 
In the above set of equations the subscripts ‘bx’, where b= i,j and x = 1,2,3,4 refer to 
various directions for refrigerant flow between adsorbent bed, evaporator and condenser. 
‘b1’ and ‘b2’refer to flow ‘out of’ and ‘into’ the evaporator respectively, whereas ‘b3’ and ‘b4’ 
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refer to flow ‘into’ and ‘out of’ the condenser. The various thermal mass terms can be 
expressed as: 
jibCpMCpM bbzbzb ,;_ =+=λ        eq. 5.18 
ecbCpMCpM bbbfbrefb ,;__ =+=λ        eq. 5.19  
5.2.6 ThermoElectric (TE) device 
The TE device is modeled along with the contact resistances associated with the 
interface between TE surface and the bed surface. The equations for modeling the TE 
device are modified forms of equations 2.2-2.5. Fig. 5-6 shows a schematic of the TE device 
sandwiched in between two adsorbent beds. The diagram depicts the contact resistances as 














Fig. 5-6 Pictorial view that describes the heat flow path and the thermal resistances considered during the 
























=         eq. 5.21  












































        eq. 5.23 
In the above equation, the subscript may correspond to either bed i.e. jib ,= . Also 
the flag variable Fte = 1 when the direction of current is such that bed ‘i’ is heated and bed ‘j’ 
is cooled by the TE device. For the opposite condition, Fte = -1. These equations were 
solved using a MATLAB code in conjunction with the REFPROP database [80]. 
5.2.7 Certain specific system parameters 
Table 5-1 Some key parameters of  the adsorbent beds 
Mb (b = i,j) 1.2176 kg 
Cpb (b = i,j) 454.93 J-kg
-1-K-1 
Inert thermal mass = Mb x Cpb 553.92 J-K
-1 
Mz_b (b = i,j) 0.135 kg (i), 0.145 kg (j) 
CpZ 1000 J-kg
-1-K-1 
Active thermal mass = Mz_b x CpZ 
135 J-K-1  (i); 145 J-K-1 
(j) 
Inert mass ratio = (Mz_b x CpZ )/(Mz_b x CpZ) 0.33 
Ωb ( b = i,j) 96 Ω 
Ub_ambient (b = i,j) 0.1 W-K
-1 
Table 5-2 Key parameters of  the evaporator and condenser 
Me 0.73 kg 
Cpe 500 J-kg
-1-K-1 
Mc 0.42 kg 
Cpc 500 J-kg
-1-K-1 
Ωe 411 Ω 
Ue_ambient  0.063 W-K
-1 








Table 5-3: Some key parameters of  the TE device 
λi_te (thermal mass of TE device face 
adjacent to bed ‘i’. Ceramic plate made up of 
Al2O3) 
2.76 J-K-1 
λj_te (thermal mass of TE device face adjacent 






Ωthj_te 0.76 K-W-1 
ρ = 4.35x10-8x Tavg-2.754x10-6 ; Tavg = (Ti_te + Tj_te)/2 
kte= 2.91x10
-5xTavg2-0.019xTavg+4.81 ; 
α = -2.025x10-9xTavg2+1.42x10-6x Tavg-4.49x10-5; 
5.2.8 Comparison of the mathematical model with data in literature. 































Fig. 5-7 Silica gel-Water TEA system behavior as obtained by the mathematical model developed in this 
chapter.  
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The mathematical model was compared with figure 5 in the literature by Gorodn et al 
[42]. Relevant values for silica gel –water system were taken from the work by Gordon et al 
and plugged into the mathematical model. Fig. 5-7 show the comparison.  
From the figure presented above, it can be observed that the mathematical model 
does correctly predict the thermal behavior, however the temperatures of individual 
components of the TEA system, such as adsorbent beds, evaporator and condenser etc 
differ by as much as 20 0C when compared to the results obtained by Gordon et al. This 
difference could be attributed to the differences between the model developed in this 
chapter and the model used by Gordon et al. The model used by Gordon et al does not 
explicitly deal with thermal mass values of the hot and cold face of TE device. Paper by 
Gordon et al also does not explicitly mention the value of thermal resistance at the interface 
between TE devices and the adsorbent beds. Also heat transfer coefficient values for bed 
insulation were not provided.  
5.3 Experimental procedure 
Before the start of the experiment a vacuum pump was used to vacuum the system. 
At the same time resistive heaters inside the adsorbent beds were powered on to heat the 
beds to a temperature varying from 160 0C to 200 0C. This ensured desorption of water 
vapors from zeolite beds and their removal by the vacuum pump. Once the system was 
vacuumed, boiling water was introduced into the evaporator unit. Boiling of water before 
introduction insured removal of dissolved air. A ‘water fill station’ (same as the one used by 
Jakaboski [46] was used to drive water into the vacuumed evaporator. Flow of water was 
driven by atmospheric pressure. A system of valves ensured containment of water inside the 
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evaporator and prevented it from spilling to other sections of the system such as beds and 
condenser.  
Once a certain amount of water was introduced (400 ml), the resistive heaters inside 
the evaporator were switched on. At the same time the oven heater was also initiated to raise 
the temperature of condenser-heat transfer fluid bath to the temperature of the ‘thermally 
harsh environment.’ 
To start the experiment, the system was activated by sequential operation of valves 
and power supply to the TE device according to a pre determined switching and cycle time. 
In the beginning the valve connecting the evaporator to the capillary tube is kept in the ‘off’ 
position till the condenser is pressurized above the evaporator pressure. This is done to 
prevent any back flow of water from evaporator to condenser. This assumes significance 
because initially a vacuum exists in the condenser, whereas the evaporator pressure 
corresponds to saturation pressure of water at a temperature above 100 0C. 
Agilent 6652A (0-20V, 0-25A) DC power supply unit was used to supply power to 
the TE devices. Power to the resistive heater (that simulated electronics chip heat 
dissipation) was supplied by Agilent 6634B (0-100V, 0-1A) DC power supply unit. Power for 
the pressure transducers were supplied by Agilent E3631A DC power supply unit. A variac 
transformer directly connected to the AC supply was used to power the resistive heaters 
inside the adsorbent beds. The oven that has an inbuilt temperature controller was directly 
powered by AC mains supply. Agilent unit 34970A was used to capture temperature, 
pressure and power supply data. This unit was controlled by a LabView program that 
activated the data acquisition unit every 10 seconds. Data was directly stored on a 
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computer’s hard disk. Table 5-4  shows the sequence of the operation of valves and power 
supply during the experiment. 










































6V, 9.5 A 3V, 4.5A 6V, 9.5 A 3V, 4.5A 
Time 8 minutes 4 minutes 8 minutes 4 minutes 
5.4 Results and discussions  
Fig. 5-8 shows the variation of the pressure in evaporator condenser and the bed 
with time. It must be noted that expansion valve is not opened until a few cycles after the 
condenser pressure goes above the evaporator pressure.  Fig. 5-9 shows the pressure 
behavior as the expansion valve connects the condenser and evaporator. Thereafter 
evaporator temperature rises till it exhibits steady behavior. The stable thermal behavior of 
the system has been shown in Fig. 5-10. 
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Fig. 5-8 Pressure variation during the initial few adsorption-desorption cycles.  Condenser pressure rises from 
near vacuum to surpass evaporator pressure. Adsorption-desorption cycles start at 0.4 hours. 






























Fig. 5-9 Arrow indicating the point where an expansion valve connects the condenser and evaporator.  
Throughout the experiment the resistive heater inside the bed was kept ‘on’ to 
compensate for the heat losses through insulation. Similarly, for the evaporator, a 
component of the power supplied was lost through the insulation. The heat loss through 
insulation of adsorbent beds and evaporator has been shown in [appendix HXX] This was 
accounted for while calculating the real thermal load managed by the system. However, the 
 68 
heat leakage through the external surface of tubes connecting different system components 
together was assumed negligible for the purpose of this study. Also assumed negligible were 
any pressure losses from the adsorbent beds. The voltage and current supplied to the TE 
device has been plotted in figure 5-9. The sum of electrical power provided to the adsorbent 
bed-TE device arrangement, less the heat leakage through bed insulation, has been plotted in 
figure 5-10. Here the plot of electrical power input to evaporator, less the heat leakage 
through its insulation, has also been plotted.  
Figure 5-10 gives us vital information about the COP of the system as a heat pump. 
Estimating the area under the plot for net power to bed+TE device will determine the total 
energy provided for the time window of the plot. Similarly the area under the plot for net 
power provided to evaporator will determine the heat pumped from evaporator. A ratio of 
the two will indicate the overall system COP, which was calculated to be approximately 0.2.  
























Bed j copper plate Bed j interior 





Fig. 5-10 Temperature plot after the thermal behavior of  the system became stable. 
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Fig. 5-11 Plot showing the voltage and current supply to TE device. It must be noted that absolute value of  
voltage supplied has been plotted. The change in voltage polarity is reflected by the change in the direction of  
current flow (here the change in the sign of  the current from positive to negative and vice-versa). 



















Net power input to bed + TE device arrangement
Net power innput to evaporator
 
Fig. 5-12 Net power input to beds+TE device arrangement has been compared with net power input to the 
evaporator. 
 70 




























Fig. 5-13 Value of  COP as reported by various researchers. 1: Liu et al [50]; 2: Anyanwu et al [51]; 3: Wang et al 
[68]; 4: Dawoud et al [54]; 5: Hajji et al [56]; 6: Zhang et al [59]; 7: Sward et al [60]; 8: Restuccia et al [61]; 9: 
VanBenthem et al [62]; 10: Lu et al [65]. 
The value of COP obtained during experiment compares well with those reported in 
literature. Figure 5-11 shows the various COPs for the zeolite-water adsorption systems. It 
must be noted that the reported COPs do not necessarily represent an adsorption system 
with TE driven heat regeneration. Another differentiating factor is that none of the systems 
were used for harsh environment cooling. However, for near room temperature cooling, 
experiments involving an adsorption heat pump with thermoelectric regeneration were 
carried out by Ng et al [45]. The system contained silica gel-water as the adsorbent –
adsorbate pair and the COP was in the vicinity of 0.7.    
Figure 5-12 presents a plot of bed, evaporator and condenser temperatures for the 
mathematical simulation and the experiment.  The simulated temperature compares well 
with experimental for the beds and the condenser, however it is widely different for the 
evaporator. The experimental values for evaporator temperature differ by about 10% from 
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the corresponding values obtained from simulations. Simulations show much less cooling 
than what is observed during experiments. This could be a possible result of neglecting 
parasitic heat losses through tubing insulations and refrigerant vapor leakage throughout the 
set-up.  































Fig. 5-14 Comparison of  simulated and experimental temperature at the beds, the condenser and the 
evaporator. 
5.5 Error estimation in the experimental readings 
Errors for various measurements have been reported in Table 5-5. These values were 
used along with equations 5..24 to obtain the errors in various parameters such as Power and 
water uptake of zeolites. According to the equation [108], for a parameter 
),...,,( 321 nxxxxfParam =  that is a function of several variables x1, x2, x3... xn, with the 
associated errors in variable measurement being x1err, x2err, x3err... xnerr, the error in the 




































































           eq. 5.25  
Table 5-5 Errors for various measurements. 
Parameter Error 
  
Temperature readings +/- (1+ 0.75%) oC 
Voltage measurement AC (Bed resistive 
heaters) 
+/-(0.06% of reading + 
0.04% of 100V) 
Current measurement AC (Bed resistive 
heaters) 
+/-(0.1% of reading + 
0.04% of 1A) 




Current measurement DC (TE device 
power supply) 
+/-(0.35% of reading + 
44mA) 
Voltage measurement DC (Evaporator 
resistive heater) 
+/-(0.03% of reading + 
12mV) 
Current measurement DC (Evaporator 
resistive heater) 
+/-(0.1% of reading + 2.5e-
6A) 
Pressure measurements +/- (7.3635) milibars 
Insulation heat loss analysis (beds) +/- 0.4358 W 
Insulation heat loss analysis (evaporator) +/- 0.3993 W 
Using equation 5.24, the error terms with power supply to evaporator, bed and TE 
device were calculated as +/-0.025 W, +/- 0.05 W and +/- 0.3W respectively. Hence in Fig. 
5-12 the plot for net power supply to the bed + TE device assembly has an error of +/- 
(0.05+0.3+0.4358 insulation heat loss error) = +/-0.74W. Similarly the plot for net power 
supplied to evaporator has an uncertainty of +/-(0.025+0.39 insulation heat loss error) = 
+/-0.415 W.  
The estimation of error in the readings should also incorporate the parasitic vapor 
losses taking place through the adsorbent beds. In order to incorporate these losses, pressure 
decay plot of the beds were considered. These plots were obtained by capturing the 
temperature and pressure decay data for the beds after the experiments were over. Fig. 5-15 
represents a typical decay plot that was obtained for several experiments. The pressure 
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showed a rapid decline once the beds were allowed to cool naturally. The pressure was 
observed to fall below the ambient atmospheric pressure and then further rise back to the 
atmospheric pressure as the beds reached thermal equilibrium. This can be attributed to the 
fact that zeolite adsorbed water as it cooled down, thus creating a negative pressure in the 
bed. For the stage till the pressure was above atmospheric, a decline in total water content in 
the bed was also observed. This was due to the exit of vapor through cracks (openings) in 
the bed structure.  




























Fig. 5-15 Typical pressure decay plot that was observed 
Since the difference between bed and ambient pressure ‘∆P’, and the decline in vapor 
content with time (mass flow rate out of beds) was known, equation 5.25 was used to obtain 
the velocity of the vapor moving out. This exit velocity when combined with vapor density 
and mass flow rate (equation 5.26) provided an estimate of the cross-sectional area of the 
bed through which pressure was leaking out. 
2/)( 2VelocityP ρ=∆          eq. 5.24 
])/[()__( ρVelocityrateflowmassonalAreaCrossSecti =     eq. 5.25 
The estimated cross-sectional area was used to determine the vapor losses taking 
place during the experiments. A product of the vapor loss and latent heat of vaporization 
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provided an estimate of parasitic cooling through vapor leakage. This was observed to vary 
from 1.2 to 1.8 W. 
5.6 Conclusion 
The work presented in this chapter, shows the application of a prototype TE device 
driven adsorption system for harsh environment electronics cooling. The size of the 
adsorbent bed is compact enough for the system to fit inside a space of the order of a 
conventional desktop computer. The system was operated for a targeted evaporator 
temperature in the vicinity of 140 0C and a condenser temperature in the vicinity of 170 0C.  
The system has comparatively low COP of 0.2, however the mathematical estimation reveals 
that considerable scope for improvement exists in terms of heat transfer enhancement inside 
bed and proper insulation of system components. 
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CHAPTER 6: System simulation and experiments 
with modified cycle 
In this chapter performance of a two-stage thermoelectric adsorption heat pump has been presented. 
Two-step adsorption aims to reduce the thermal variations at the hot and cold faces of the thermoelectric 
device, thus enhancing its performance. Here, adsorption takes place at two different pressures and this 
requires two evaporators at two different temperatures. This is unlike most ‘conventional’ adsorption systems 
where adsorption takes place at a single evaporator pressure. An experimental setup (for two-step adsorption) 
was fabricated and tested for a heat rejection temperature of 180 0C and cooling load varying from 4 to 6W. 
Experiments were also carried out for a single step (conventional) adsorption cycle for similar conditions to 
compare the performance of two-step ‘modified’ adsorption cycle vis-à-vis single step ‘conventional’ adsorption 
cycle..  
6.1 Brief recap: need for modified cycle 
The import of modified cycle in the context of harsh environment application of 
TEA cooling system has been described in detail in chapter 3. Here a brief recap of the 
benefits of the modified cycle is provided for the convenience of the readers. Fig. 6-1 shows 
a conventional cycle with point of highest cycle temperature ‘TH’ and thermal swing marked 
on the Clausius diagram. Fig. 6-2 shows a modified cycle superimposed on a conventional 
cycle. Reduction of the highest cycle temperature and thermal swing (that aid the application 
of TE device in between beds) can be graphically observed. The modified cycle has two 
condensers and two evaporators. For experimental purpose however a slight modification 
was done to accommodate a simple apparatus. Instead of two condensers, only one 
condenser was chosen while the number of evaporators was still maintained at two. Fig. 6-3 
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Fig. 6-1 Clausius diagram of  an adsorption cycle showing thermal swing (maximum temperature variation 



























Fig. 6-2 Modified cycle as suggested by the authors, superimposed on a conventional cycle.  The reduction in 
thermal swing and the retreat of  highest regeneration temperature at H towards a lower temperature regime 




























Fig. 6-3 Clausius diagram of  a cycle (I’-F-F1-G-H’-I’) with a single condenser and two evaporator arrangement. 
The arrangement leads to a small increase in thermal swing. In this arrangement, process H-G1 as shown in 
figure 4 is merged into process G-H by keeping the desorbing bed exposed to condenser pressure. 
6.2 Experimental prototype 
 An experimental prototype was fabricated and assembled. The set was the same as 
described in the previous chapter, except for an extra evaporator unit. Fig. 6-4 shows the 
schematic of the set-up. A brief description of the parts of the set up is given below. A 
photograph of the set up has been shown in Fig. 6-5. 
6.3 Experiment procedure 
The experimental procedure used was the same as expressed in section 5.3. However 
since two evaporators were involved the sequence of operation of valves and power supply 





















































































































































Fig. 6-4 (Left) Schematic diagram of  the experimental set-up showing condenser, evaporator(s), adsorbent beds 
and the refrigerant flow loop. (Right) Schematic diagram of  the cooling fluid loop through the adsorbent beds. 
P1...4 are the pressure transducers. Valves V1..V5 are three way valves. valves V6-V9 are two way valves. V1 
and V2 help connect beds with either condenser or evaporator. Valves V3 and V4 help measure evaporator and 
condenser inlet and outlet pressure by using just two pressure transducers (P3 and P4). V5 helps connect any 
one of  evaporator with the adsorbent beds. V6 and V7 connect evaporators with capillary tube. V8 allows for 
water to pass from evaporator 1 to 2 during filling operation. Also helps keep evaporators isolated during 






Fig. 6-5 Photographs of  the two evaporator assembly. (Left) un insulated. (Right) Insulated. 
Table 6-1 shows one complete block of operation. This block was repeated as the 
experiment continued. The understanding of the sequence of operation can be made simpler 
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if it is put in the context of both modified and conventional cycles. For the conventional 
(single step cycle) steps 1-4 would be repeated after step 4, whereas for the modified (two 
step cycle), steps 1-8 will be repeated after step 8. The sequence of operations has been 
designed such that the cycle time for both modified and conventional cycle is the same ( = 
12 minutes). 






















4 6V bed i - bed j 
evap - 
bed i 




evap 1 closed 
Step 
2 
2 3V bed j - bed i closed 




evap 1 closed 
Step 
3 
4 6V bed i - bed j 
evap - 
bed i 




closed evap 2 
Step 
4 
2 3V bed j - bed i closed closed 
to evap 
2 
closed evap 2 
Step 
5 
4 6V bed j - bed i 
evap - 
bed j 




evap 1 closed 
Step 
6 
2 3V bed i - bed j closed 




evap 1 closed 
Step 
7 
4 6V bed j - bed i 
evap - 
bed j 




closed evap 2 
Step 
8 
2 3V bed i - bed j closed closed 
to evap 
2 
closed evap 2 
The easy adaptability of the experimental set up for single –step ‘conventional’ 
adsorption cycle allowed experiments to be performed for both modified (two-step) and 
conventional (single step) adsorption cycles. It must be noted that while operating for the 
modified cycle, valves 8 and 9 always remained close. During operation of conventional 
cycle, one of the evaporator (evaporator 1) was isolated by making V5 connect to evaporator 
2, closing V6 and keeping V7 open.  
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6.4 Results and Discussion 
 
Fig. 6-6 Temperature at various components of  the two-step adsorption cooling system at near steady state 
condition. 
Fig. 6-6 shown above depicts the thermal behavior of the two step adsorption cycle 
at near steady state conditions. The experiment was truncated before a condition of perfect 
steady state could be achieved. At the time of the data capture, the rate of increase in 
temperature of evaporators was nearly 2 0C per hour. The peaks (and dips) in the 
temperature of a bed represent the process of pressurization (constant volume heating) and 
depressurization (constant volume cooling) respectively. Pressurization is followed by 
desorption (i.e. release of refrigerant vapors to condenser and depressurization is followed 
by adsorption (i.e. intake of refrigerant vapors from the evaporator). The two evaporator 
temperature plots in Fig. 6-6 are noteworthy as they show the two evaporators at slightly 
different temperature.  
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Fig. 6-7 compares the temperature behavior of a two-step (modified) adsorption 
cycle with a single-step (conventional) adsorption cycle for the same time duration. It can be 
observed that the bed temperatures in the single step adsorption cycle are higher than that of 
the 2-step adsorption cycle. The thermal swing (or the difference between extremes of 
temperature observed in a bed) is also lower for the 2-step adsorption cycle.  The evaporator 
temperature in the single step adsorption cycle is slightly higher than the temperature of the 
two evaporators in the 2-step adsorption cycle.  
 
Fig. 6-7 Comparison of  temperature at beds and evaporator(s) for a modified (2-step) and a conventional (1-
step) cycle. 
The main advantage of the 2-step cycle lies in the reduction in highest temperature 
and a drop in thermal swing for the adsorption beds. For both (2-step and single-step) 
experiments, the adsorption beds were heated to and maintained at 145 0C before the start of 
the experiment. Hence whatever heat was provided by the resistive heaters was completely 
lost to ambient through insulation at the initial steady state temperature. Any change in bed 
temperatures after the initiation of experiment was due to the alternate heating and cooling 
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performed by TE device. Hence, in order to conclusively prove the advantage of 2-step cycle 
over single-step, it must be shown that during the course of the experiment, both cycles 
were provided the same amount of average energy per unit time by TE device.  Fig. 6-8 
compares the electrical power input to TE device for both cycles. From the figure it can be 
observed that the area enclosed under both the power plots for a time interval of one cycle 
time (i.e 12 minutes: ref section 5) is the same. 



















Power input to TE devices(1 -step cycle)
Power input to TE devices (2-step cycle)
 
Fig. 6-8 Comparison of  power input to TE devices for single as well as two step cycle experiments. 
Fig. 6-9 compares the net energy input to the beds and TE devices with the heat 
dissipated at the evaporator(s). This has been shown for single-step as well as two-step 
adsorption cycles. ‘Net’ energy refers to total electrical energy input, less the energy lost as 
heat leakage through insulations. Under steady state the ratio of heat dissipated at 
evaporator(s) and the net energy input to beds and TE devices should be an indication of the 
overall system COP. The COP obtained for the single –step and two-step adsorption cycles 
are 0.28 and 0.35 respectively.  Error analysis figures for this experiment are similar to the 
one described in section 5.5. 
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Fig. 6-9 Net power input to the various components of  the systems. Plots have been made for both single-step 
and two-step adsorption cycle experiments. 
6.5 Conclusions 
The two-step adsorption cycle aims at reducing the temperature variations at the hot 
and cold faces of a TE device and at the same time reduces the overall temperature that the 
hot side may face during regeneration. This has the effect of improving the overall cycle 
efficiency. Experimental results show an improvement in COP over the single-step 
adsorption cycle and decrease in temperature variations across the TE device. However, a 
drawback that has not been well studied in this chapter is the effect of switching frequency 
on the performance of the TE device. The TE device-switching frequency doubles as we 
move from single-step to two-step adsorption cycles. This could have a negative effect on 
TE device performance.   
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CHAPTER 7: Comprehensive formulation for 
performance of TEA chiller and its comparison with 
adsorption and TE chillers 
 The seemingly low COP as observed during the experiments bring into question the validity of the 
expression COPTEA = COPads(1+COPTE) as suggested by Gordon et al [42]. While one primary reason 
could be the poor heat transfer inside the adsorbent bed, another could be the heal leakage through the bed 
insulations. The current theoretical work aims to incorporate the heat leakage and develop a comprehensive 
formulation for the COP of the overall TEA system. Also since TEA chiller comprises Adsorption and TE 
chillers, the use of TEA chillers must be justified on the basis of superior performance vis-à-vis TE and 
Adsorption chillers. The work presented in the current chapter describes a common framework that was 
developed to compare performances of the three dissimilar chillers. A heat rejection temperature range of 50 to 
200 0C was considered for this investigation. Results show the effect of heat leakage through beds on the 
performance of TEA chillers, an optimum operating method to obtain COP system as COPads(1+COPTE)  
and that a TE device is preferable for cooling up to a range of 20-30 0C below the ambient. Beyond this 
range a TEA chiller is a good option. 
7.1 Comprehensive expression for the COP of TEA heat pump 
Fig. 7-1 is a representation of Fig. 2-6-right with energy terms associated with various 
processes shown along the adsorption cycle. Referring to Fig. 7-1 dQ and FGQ  represent the 
energy required by processes G-H and F-G respectively. HIQ  and aQ  represent the energy 
released by processes H-I and I-F respectively. Process H-I-I' is at a higher temperature than 
F-G-G', hence heat transfer from an adsorbent bed undergoing process H-I-I’ to a bed 
undergoing process F-G-G’ does not require any active heat pump mechanism. However 
heat released during the part of the adsorption process I’-F )( 1∆−aQ  needs to be actively 
 85 
pumped to the part of desorption process denoted by G’-H. Depending on the temperature 
difference between adsorbing and desorbing bed, the TE devices may or may not be able to 
pump all of the heat of adsorption to the desorbing bed. We include a parameter 3∆ such 
that once the TE device has pumped )( 31 ∆−∆−aQ to the desorbing bed, the rest of the 
heat, i.e. 3∆ , must be driven away from the adsorbing bed to the ambient. For this, the 
adsorption cycle is designed such that the temperature at point F( FT ) is greater than the 




















Fig. 7-1 Depiction of  thermo physical processes on a Clausius-Clapeyron diagram. Adsorption (I-F), constant 
volume heating (F-G), desorption (G-H), constant volume cooling (H-I). The dotted line G’-I’ represents a 
temperature Tmid such that heat released during H-I’ equals heat required by F-G’.  Also shown are heat 
recovery and regeneration. 
Also, since the heat rejected at the hot face of a TE device is greater than the heat 
pumped at the cold face, the desorbing bed will get heat in excess of its requirement, which 
must be rejected to the ambient. Hence both beds must have appropriate cooling 
arrangements to drive out the heat that is not needed. This can affect the COP and it will be 
accounted for in our formulation. 
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COP of the adsorption chiller alone (i.e. without TE device, as described in section 
2.2), is given by the ratio of heat pumped from the evaporator ( evapQ ) to the total energy 
required during the cycle, i.e. energy required by the endothermic processes, less the energy 
recovered from the exothermic processes. COP of the TEA chiller is given by the ratio of 
heat pumped from evaporator ( evapQ ) to the total electrical energy input into the TE device. 
The relationship between the COPs of adsorption chiller and the TE device that describes 
the overall COP of TEA chiller has been derived below. 
Since the heat required by process to the left of midT  (see caption Fig. 7-1) equals 
heat given off by process to the right of midT , we have: 
rHIFG QQQ =∆+=∆+ 12         eq. 7.1 
           
Here rQ is the total amount of heat that can be recovered. For an adsorption chiller, 
this is easily done by circulating heat transfer fluid from hot bed to the cool one, whereas in 
the case of TEA chiller, since beds are not in direct thermal contact due to the TE devices 
sandwiched in between them, some electrical power input is required to drive the heat. This 
power input is considered negligible for the analysis in this work. Using equation 7.1, the 




















COP   eq. 7.2 












































































121  eq. 7.5 
If all of the heat dissipated by TE device at its hot end is used for 

















31   eq. 7.6 
This is also the expression obtained by Gordon et al [42] for the TEA chiller. This 
expression shows direct enhancement of adsCOP  by a factor greater than unity i.e. 
( )TECOP+1 .  However, since the heat required by the desorption process is nearly equal to 
the heat released by the adsorption process, for this expression to be valid the TE device 
would have to be highly efficient. Most TE devices have COP less than unity and hence, the 
desorbing bed gets heat energy in excess of its requirements and the excess heat needs to be 
rejected to the ambient. Assuming that the heat requirement of the desorption process is 
some fraction ''λ of the heat provided by the TE device, 




















  eq. 7.7 
Equation 7.7 gives a more realistic estimate of COPTEA. Another fact to be noticed is 
that the final expression for COP does not contain ∆3. This is significant, since it implies that 
the final COP is not affected by any heat rejection from adsorbing bed to the ambient. 
7.1.1 Optimum method of operation for TEA chiller 
Based on the observations in the above paragraph, it can be stated that assuring 
maximum value of ‘λ’ (i.e =1) will ensure the COP of the TEA chiller as COPads(1+COPTE). 
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This will require good insulation for the desorbing bed so that all the heat that is delivered at 
the hot face of the TE device is utilized in desorption. Also since the heat delivered at the 
hot face of TE device is much greater than the heat pumped at the cold face, the process of 
desorption would get finished sooner than the process of adsorption. Thus once the 
desorption process is over, the adsorption bed would still need to be cooled for the 
remaining of the adsorption process. Since it has been shown that the final COP expression 
is independent of the term ∆3, the heat of adsorption can be released to the ambient without 
having any effect on overall COP. While this is being done, the TE devices should be 
switched off. Hence an arrangement to reject heat of adsorption directly to ambient and to 
well insulate the beds during desorption will be required to realize this method of operation 
in practice. 
7.2 TE, TEA or Adsorption chiller? 
The TEA chiller, first proposed by Gordon et al [42] and investigated for near room 
temperature cooling of electronics by Ng et al [45], combines TE chiller and an Adsorption 
chiller. Both these systems can also independently serve as electronics coolers. Use of TE 
device for electronics cooling can be found in literature (Chu et al [98], Simons et al [99], 
Lakhkar et al [100], Vandersande et al [101], Sahu et al [102], Moores et al [103], Nie et al [104]). 
Jakaboski [46] has mentioned a few instances of using TE devices for cooling of harsh 
environment electronics. Likewise the use of an Adsorption chiller for electronics cooling 
has also been reported (Suman et al [105]).  
Hence there is a need to investigate if a TE device, when applied alone, could 
outperform the TEA and the adsorption chiller by itself. This becomes important in the 
context of applications that only require moderate cooling below ambient, and in cases 
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where the ambient environment is thermally harsh (>125 0C). In the first context the TE 
COP may outweigh that of a TEA or an adsorption chiller. In the second, the performance 
of TE device deteriorates due to high temperatures, and gains in overall COP of TEA chiller 
due to heat regeneration become marginal. With recent advancements in TE technology 
(Fleurial et al [106] and Venkatasubramanian et al [107]), a quantitative performance 
comparison of TEA, AHP and TE devices is needed to justify the use of TEA heat pump 
over AHP or TE device.  
7.2.1 Comparing mathematical formulations for COP 
Equations 2.1, 2.6 and 7.7 provide expressions for the COP of TE, Adsorption and 
TEA chillers respectively. To justify the use of TEA chillers, following criteria must be met 
for identical evaporator and condenser temperature. 
),,max()1( __
'
_ TEaloneadsTEAadsTETEAadsTEA COPCOPCOPCOPCOPCOP >+= λ  eq. 7.8 
In the above expression 'TECOP represents the COP of TE device while working as 
heat regenerator in between adsorbent beds, whereas TECOP represents the same while 
directly pumping heat from the evaporator to the condenser. Likewise aloneadsCOP _  
represents the COP of an adsorption chiller, standalone, without TE devices (as described in 
section 2.2), and TEAadsCOP _  describes the COP of the adsorption chiller working in 
conjunction with TE devices in a TEA heat pump. Both aloneadsCOP _  and TEAadsCOP _  are 
described by equation 2.6, but under different circumstances. Expanding equation 7.8 
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Fig. 7-2 Schematic for TEA (left), Adsorption (middle) and TE (right) chillers. For performance comparison 
purposes, the chillers are applied between identical heat source (evaporator) and heat sink (condenser) 
temperatures. Thermal resistance between electronic chips and cold plate (for all three chillers) and cold plate 
and evaporator (for TEA and adsorption chiller) is considered negligible.  Equal input power is provided to all 
heat pumps. Diagram not to scale. TIM: Thermal Interface Material; RP: reversible (fluid) pump. 
Equations 7.9-7.11 provide concise criteria to decide if TEA chillers should be 
preferred over TE or adsorption chillers, however various COP values must be obtained to 
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plug into those equations. A straightforward way to compare the heat pumps would be to 
assess their cooling capability for a given heat sink, heat source temperature and supply 
power (Fig. 7-2). However, since multiple parameters affect their performance, a 
standardization scheme is necessary before any comparison can be made. Most of these 
parameters have been listed in Table 7-1. Some of the parameters were assigned fixed values, 
while others were varied. 
 The various parameters were chosen keeping in mind the practicality of the heat 
pump application. Zeolite can retain water up to 22% of its weight at temperatures as high as 
250 0C (at atmospheric pressure), hence zeolite-water pair was chosen to handle harsh 
environment applications. Recommendations for use of Zeolite-water pair at temperatures in 
the vicinity of 200 0C are found in literature (Liu [50], Zhang[59]). For a 40 0C temperature 
variation of the adsorbent bed, the change in water content for a bed containing 185g of 
zeolite will be sufficient to manage cooling loads of up to 10 W (this has also been shown in 
chapter 3), a typical cooling load for thermally harsh environment electronics ([47], [48]), and 
up to 30 W for near room temperature applications. Table 7-2 shows the manageable 
cooling load for various evaporator and adsorption process temperatures. 
The thermal interface resistance between TE devices and the adsorbent bed was 
chosen on the basis of typical figures used in electronics packaging industry. Simons et al 
[99] mention the use of 0.18 mm layer of enhanced thermal grease with a thermal 
conductivity of 3.8 W/m-K for multi-chip module thermoelectric cooling applications at 
IBM. Using a similar thermal interface material for a 30 mm x 30 mm face of TE device will 
result in a thermal resistance of 0.052 K/W. The inert mass ratio of 0.5 has been justified in 
section 3.5 
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Table 7-1: The various parameters associated with TEA, Adsorption and TE heat pump. 
Constant parameters applied to TEA, Adsorption and TE chillers 
Evaporator (Heat Source Temperature):  
varied from (Tcond –50 
0C) to (Tcond –5 
0C) 
in steps of 1 0C 
Condenser (Heat Sink Temperature):  
varied from 50 0C to 200 0C in steps of 75 
0C 
 
Variable parameter dependant on chiller performance 
Heat pumped from source to sink:  
noted from the simulation of mathematical 
models 
TEA & Adsorption heat pump specific parameters 
Adsorbent-Adsorbate pair considered:  Zeolite13X-Water 
 Mz (Mass of Adsorbent):  185g in each adsorbent bed 
Inert mass ratio for adsorbent beds (ratio 
of inactive to active thermal mass):  
0.5  
Temperature at points F, G, H and I of 
adsorption cycle:  
decided as per a scheme described in a 
following section 
Number of TE devices sandwiched in 
between beds:  
5 of HT-8-7-30 from Laird Technologies 
[71]. 
Thermal resistance at the interface of TE 
device face and bed surface:  
0.052 K W-1 
tcycle (Cycle time of the sorption cycle):  
Depends on the heat pump characteristics 
of the TE device. (The values can be 
known only after the execution of the 
mathematical model). 
Switching time: (also known as the heat 
recovery time) considered 1/4th of the 
heat regeneration time.  
tcycle = theat regeneration + theat recovery ; where theat 
recovery = theat regeneration /4 
Electrical current drawn by TE device 
during heat regeneration:  
Fixed at 3A for each TE device 
sandwiched between the beds. 
Thermal interface resistance between TE 
device surface and adsorbent beds:  
0.052 K W-1 
TE device parameters 
Heat source/ sink interface thermal 
resistance:  
0.052 K W-1 
Number of TE devices deployed to pump 
the heat:  
varied from 1 to 10 
Thermoelectric material used:  
Bismuth Telluride (Properties taken from 
literature, Gordon et al.[42]) 
Electrical current drawn by TE device:  
depends on the power input to TEA 
chiller (decided in-situ during the 
execution of the mathematical model) 
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Table 7-2: Cooling load that can be managed by a single adsorbent bed containing 185g Zeolite 13X with 40 0C 
temperature variation during adsorption process. The temperature at the initiation of  adsorption process (TI) 
was assumed 60 0C higher than the evaporator temperature. Equations 3.1-3.3 were used to describe water 
adsorption properties of  zeolite 13X (Cacciola et al [75],[76]). 









fg ∆w)/tcycle (W) 
175 235 195 0.016 2.03 10 
150 210 170 0.017 2.11 12 
125 185 145 0.019 2.18 13 
100 160 120 0.022 2.25 15 
75 135 95 0.025 2.32 18 
50 110 70 0.029 2.38 21 
25 85 45 0.034 2.44 26 
The number of TE devices in the TEA heat pump was fixed at 5, as in Sinha and 
Joshi [82]. This compares well with the 9 TE devices used by Ng et al [45]. The number of 
TE devices applied stand-alone between heat source and sink was varied from 1 to 10. This 
was done to include the possibility that several TE devices, possibly many more than those 
sandwiched in between beds, can be used to directly pump heat from evaporator to the 
condenser.  
Another aspect that needed standardization was the placement of adsorption-
desorption cycle on the temperature scale. The regeneration of the adsorbent usually takes 
place at a temperature much higher than that of the condenser. For an adsorption chiller the 
regeneration temperature (point H in the Clausius-Clapeyron diagram, Fig. 7-1) depends on 
the temperature at which heat is available, with typical values around 200 0C for a zeolite-
water adsorption heat pump with a condenser/ evaporator temperature of 55 0C/ 5 0C 
(Cacciola et al [75]). In the case of TEA chiller the regeneration temperature will depend on 
the power supplied to the TE device. Also, it should be within the thermal operating limits 
of the TE device and higher regeneration temperature would mean lower performance from 
the TE device. Due to these considerations, the temperature at G’ was chosen about 50 0C 
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higher than the condenser temperature for both Adsorption and TEA heat pumps (refer Fig. 











Fig. 7-3 Graphical description of  the spacing between condenser and adsorption cycle on the temperature 
scale. 
7.3 Method of performance calculation 
This section describes the method that was adopted to obtain the performance of 
each of the chillers. 
7.3.1 TEA chiller 
Once the temperature at G’ is fixed for the given condenser temperature, the 
amount of heat pumped by TE devices from adsorbing bed to desorbing bed is calculated 
for a given input electric current. Since adsorption and desorption involve an increase and 
decrease, respectively, in water content of zeolite in beds, the progress of these processes is 
measured in terms of water content parameter ''w (wt/wt ratio of adsorbed water and 
zeolite). Assuming an intermediate stage where water content in adsorbing bed had 
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progressed from 'Iw  to aw ,1  (similarly from 'Gw  to dw ,1  for the desorbing bed), a further 
infinitesimal amount of water increment during adsorption '' aw∆  is considered (Fig. 7-4). 
This adsorption, from aw ,1  to aw ,2 , )( ,1,2 aaa www ∆+= , should simultaneously correspond 
to desorption from dw ,1  to, )( ,1 dd ww ∆− . The adsorbent bed temperatures for a given 
pressure and water content is calculated using the adsorption equilibrium equations 3.1-3.3. 
With the temperatures at the beginning and end of the adsorption and desorption 
processes known, the amount of heat given off during an extent of adsorption process from 

















Fig. 7-4 Schematic of  iterations to simulate heat pump by the TE device from adsorbing to desorbing bed.  
Broken arrows signify transfer of  heat from adsorption to desorption processes. 
Also since the current supply to the TE devices is known a-priori, the heat pump 
rate at the cold face ( cq ) and the rate of heat delivery at the hot face ( hq ) are calculated 
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using equations 2.2-2.5. During this calculation the temperature at the adsorbing and 
desorbing beds is considered as the average of temperatures at the beginning and end of the 
infinitesimal adsorption and desorption processes respectively. The time taken to pump 
adsQ∆  (heat of adsorption released during adsorption from aw ,1  to aw ,2 ) is given by equation 
7.12. Also since only a fraction ''λ  (ref: section 7.1) of the heat delivered at hot side 
(desorbing bed) is actually utilized for desorption, the net heat provided to the desorbing bed 
is obtained from equation 7.13. The value of ''λ  depends on the cooling arrangement, the 
heat leakage from the bed, and can be controlled. Hence its value is prescribed for a 
particular run of COP calculations. The heat actually required by desorption process is given 
by equation 3.6. It considers desorption progressing from yw  to xw , )( xy ww > . 
cads qQtime /∆=∆          eq. 7.12 
hdelivered qtimeQ ××∆=∆ λ         eq. 7.13 
The heat delivered at the desorbing bed is greater than the heat needed for 
desorption (i.e. deliveredQ∆ > desQ∆ ). Hence successive iterations are run, and in each one, 
another infinitesimal '' dw∆  is added to desorption process and the energy calculations, i.e 
equations 3.1-3.3, 2.2-2.5, 7.12-7.13 and 3.6 are repeated until the condition 
deliveredQ∆ = desQ∆  is achieved. At this stage the water content in the desorbing bed is dw ,2  
as shown in Fig. 7-4. 
Further, another infinitesimal adsorption step is considered. aw ,2  to 
aw ,3 , )( ,2,3 aaa www ∆+=  (refer: Fig. 7-4). Desorption proceeds from dw ,2  onwards. The 
process mentioned above is repeated until the condition deliveredQ∆ = desQ∆  is achieved. At 
this stage the water content in the desorbing bed corresponds to dw ,3  as shown in Fig. 7-4. 
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Several iterations are run with progress in adsorption process (and corresponding 
progress in desorption process) and for each iterations the variables time∆ , adsQ∆ , deliveredQ∆  
and desQ∆ are calculated. Iterations are run until the heat pumped by the TE devices from 
adsorbing bed becomes negative (i.e. 0<cq ). This happens when the temperature difference 
between the cold and hot faces of the TE device is high enough for the TE device to pump 
any heat at its cold face. At this stage, the final extent of adsorption and desorption 
processes are noted as points I” and H on the Clausius diagram (Fig. 7-4). Since the heat 
delivered at desorbing bed is greater than the heat pumped from adsorbing bed, the extent 
of desorption is greater than the extent of adsorption, i.e. )()( '''' IIGH wwww −>− . 
However in an adsorption heat pump the amount of water adsorbed should be same as the 
amount desorbed. Hence the mass fraction of water at the end of adsorption process (point 
F) is calculated as:  
))()(( '''''' IIGHIF wwwwww −−−+=       eq. 7.14  
Assuming )()( '' IIGG wwww −=− , which is nearly the case, equation 7.14 satisfies 
the mass balance of water during the adsorption cycle, i.e. [ )()( IFHG wwww −=− ]. Using 
the value of Fw and pressure (= evapP ), temperature at point F can be calculated by equations 
3.1-3.3. Now since, points F and H are known, points G and I can also be obtained 
respectively by equations 3.1-3.3. This is facilitated by the fact that processes F-G and H-I 
are characterized by constant water content in the beds and hence HIFG wwww == & . 
For the iteration to be successful, points G and I must lie to the left and right of 
midT  line (i.e. line G’-I’) respectively (refer Fig. 7-4 and Fig. 7-5a). This is because at the 
beginning of the iteration it is assumed that midT  passes through adsorption and desorption 
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processes. This condition is violated for iterations that result in G and I being at the wrong 
side of midT  as shown in Fig. 7-5b. For such cases further steps for COP calculation are 
dropped and the COP of TEA is assigned a value of zero.  In order to obtain the COP value 
the iteration would have to be restarted with a modified condition that considers midT  
passing thru constant heating and cooling processes. Such cases have not been dealt with in 
the present work, because for zeolite-water pair, the Tmid line usually passes through 

















Fig. 7-5 Fig (a) left: Tmid line passes through adsorption and desorption processes. Fig (b) right: Tmid line passes 
through constant volume heating and cooling processes. Note, in fig (b) points G and I are on the opposite 
side of  Tmid when compared with the fig (a). 
For successful iterations, the heat released by the adsorption process from I” to F 
(denoted by ∆3, refer section 7.1) is directly released to the ambient as the TE device is 
considered switched off for this extent of adsorption process. At this stage the heat load 
managed at the evaporator '' evapQ  is obtained from equation 7.15 (equation 7.15 can be 
easily derived from equations 4.1 and 4.5). The heat required by constant volume heating 
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process F-G is given by equation 3.5 and heat required by constant volume cooling process 
H-I is given by equation 3.7. 
evapevapcondevap TfgTfTfTfgIFZevap
hhheehwwMQ ,,,, /)();1()( −=−−=    eq. 7.15 
The adsorption-desorption process that has been discussed so far is followed by 
constant volume heating (process F-G, in the bed that just finished adsorption) and constant 
volume cooling (process H-I, in the bed that just finished desorption). During this stage 
energy from the cooling bed needs to be recovered to heat the bed undergoing constant 
volume heating. Since this heat transfer is from hotter to cooler bed, it does not need an 
active heat pumping mechanism.  However, TE devices sandwiched in between the beds 
prevent any direct thermal contact in between beds. Heat can still be conducted across the 
TE device material, but this would take a longer time and result in vapor accumulation and 
temperature rise in evaporator. Hence, a small amount of electrical power is supplied to the 
TE device to hasten the process of heat recovery. For the purpose of this chapter, the 
amount of electrical power input during heat recovery phase is considered negligible for 
COP calculations. It is assumed that heat recovery should take nearly 25% of the time taken 
for heat regeneration. The amount of heat recovered '' rQ  is given by equation 7.1 and can 
be calculated by using equations 3.4 and 3.5 or equations 3.6 and 3.7. At this stage 
appropriate values are plugged in equations 7.2-7.4 to obtain TEAadsTE COPCOP _
' ,  and 
TEACOP .  
7.3.2 Adsorption chiller 
For calculating the COP of the adsorption chiller, following assumptions are made: 
(1) Power used for circulation of heat transfer fluid considered negligible for COP 
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calculations. (2) The bed parameters, and the cycle and switching time parameters are 
identical to the TEA chiller.  
Since the power delivered is known (equal to the electrical power input to TEA 
chiller), the parameter to be found is evapQ . Though evapQ was calculated for the TEA chiller, 
its values for the adsorption chiller will be different because the adsorption-desorption cycle 
may not have the same end points (F and H), as calculated for the TEA chiller. Unlike the 
TEA chiller, where power is supplied to the TE device, here the entire input power is 
















Fig. 7-6 Schematic of  iterations to find out how far the adsorption and desorption processes in the AHP would 
go, if  it were provided the same amount of  energy as the TE devices in the TEA heat pump. 
In order to find the values of F and H for adsorption chiller, iterations are carried 
out. A temperature to the left of G’ and to the right of I’ is chosen, and corresponding 
points F and H are calculated (Fig. 7-6) using equations 3.1-3.3. Next the total energy 
required by endothermic processes (F-G and G-H) is calculated, along with the amount of 
heat that could be recovered '' rQ . The amount of energy needed, less the energy recovered is 
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the ‘net’ energy required by the adsorption heat pump in one cycle. Iterations are repeated 
until this ‘net’ energy equals the energy input to TEA chiller in the above section (section 
7.3.1). Since the ‘net’ energy monotonically increases with the progress of iteration, an 
iteration that starts with the value of ‘net’ energy being greater than that of total energy input 
to a TEA chiller during one cycle, does not yield a result. For such cases COP of adsorption 
chiller corresponding to the COP of the TEA chiller does not exist and hence the two 
chillers cannot be compared. The iteration is aborted in such a condition and the COP of 
adsorption chiller is assigned a value of ‘zero’. For successful iterations (i.e. iterations that 
start with value of ‘net’ energy being less than total energy input to TEA chiller in one cycle 
time), the temperatures at F and H at the end of the iterations represent the extent of 
adsorption-desorption processes for the adsorption chiller. These parameters are used to 
calculate evapQ  in the same way as for the TEA chiller. aloneadsCOP _  is calculated by plugging 
appropriate values into equation 7.2. 
7.3.3 TE chiller 
The total power input into the TEA and TE chiller need to be identical to compare 
their performances. This requires a power matching operation because unlike the TEA and 
adsorption chillers that are supplied power with periodic variations, the power supply to TE 
chiller is continuous.   
During the working of TEA heat pump, the voltage polarity across the TE device is 
flipped to account for the role reversal of the beds. This creates an uneven power profile. 
Fig. 7-7 gives a graphical explanation of the same. The power profile is averaged over one 
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cycle time to determine the power input for the stand-alone TE heat pump. Equations 2.2-
2.5 are numerically solved to determine the TE device COP.   
 
Regeneration : 










































































































































































Fig. 7-7 Plot of  current supply (also representative of  power input to TE device) with time, for the TE device 
sandwiched in between sorption beds.   
A graphical description of the method described is presented in  APPENDIX F . 
7.4 Results 
First we take a look at the effect of heat loss from the desorbing bed on the 
performance eof the TEA chiller. Next, the adsorption, TEA and TE chillers have been 
compared in terms of COP for identical heat pumping and power input conditions. 
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7.4.1 Effect of heat loss from adsorbent beds on TEA chiller performance 
First the results for a TEA chiller, when all excess heat provided by TE device at the 
desorbing bed is rejected to ambient, is presented.  For such a case there is a one to one 
correspondence between adsorption and desorption processes (i.e. a water content 
increment of w∆  in adsorbing bed corresponds to a water content decrement in the 
desorbing bed by the same amount.  

















energy pumped from adsorbing bed
energy supplied to TE device
energy delivered to desorbing bed
energy required by desorbing bed
energy wasted (not used for desorption)
 
Fig. 7-8  A plot of  various energy terms associated with the TEA chiller for  the case when any excess heat at 
desorbing bed is rejected to ambient ( and not utilized to further advance the desorption process ). 
In Fig. 7-8 the energy to be pumped out of adsorbing bed and to be delivered to the 
desorbing bed to effect an equal change of water content in both beds nearly overlap. These 
energy terms are less when compared to ‘energy supplied’, ‘energy delivered’ and ‘energy 
wasted’. Plots depicting ‘energy supplied’ and ‘energy wasted’ nearly overlap. This implies 
that almost all of the electrical energy provided to the TE device is rejected to the ambient. 
The amount of heat rejected rapidly rises towards the end of the adsorption process (i.e. 
when the temperature difference between adsorbing and desorbing beds is the maximum, 
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and hence the TE device COP is the least). The fraction of heat delivered (to desorbing bed) 
that is actually used for desorption ‘λ’ gradually decreases from a value of 0.6 to ~0 (with an 
average value of 0.21) as seen in Fig. 7-9. From Fig. 7-9 one can also observe that the time 
taken for the adsorption and desorption of an equal amount of water vapor rapidly increases 
towards the end of the adsorption-desorption process. This is expected since the TE device 
pumps heat at a much slower rate at higher temperature difference between its hot and cold 
sides. 






















































Fig. 7-9 Variation of  ‘λ’ and time taken for successive adsorption-desorption steps. 
 
Next we see the same plots for another case where all of the excess heat delivered to 
desorbing bed is not allowed to escape to ambient (Fig. 7-10 and Fig. 7-11), instead, it is 
used to further the desorption process. The heat rejection from the desorbing bed is 
controlled to maintain the fraction of utilized heat ‘λ’ at 0.75.  In such a case the progress in 
adsorption by a certain increase in water content, can result in a much greater decrease in 
water content in the desorbing bed. Adsorption progresses to a much lesser extent (up to w 
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= 0.227) when compared to 0.23 in Fig. 7-8. λ varies from 0.8 to 0.77 during the iterations, 
(close to the targeted value of 0.75.  














energy pumped from adsorbing bed
energy supplied to TE device
energy delivered to desorbing bed
energy required by desorbing bed
energy wasted
 
Fig. 7-10 A plot of  various energy terms associated with the TEA chiller for the case when nearly 75% excess 
heat at desorbing bed is utilized to further advance the desorption process. 





















































Fig. 7-11 Variation of  ‘λ’ and time taken for successive adsorption-desorption steps with progress of  
adsorption in the adsorbing bed. 
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Critical values for the two cases depicted in Fig. 7-8, Fig. 7-9, Fig. 7-10 and Fig. 7-11 
have been compared in Table 7-3. The case that captures most of the heat delivered to 
desorbing bed has a much higher COP, greater extent of adsorption and desorption (hence 
ability to manage greater cooling load ‘Qevap’) and a shorter adsorption-desorption time ‘Σ 
time’.  


























λ = 0.21 224 278 0.2315 0.2315 0.2201 475 4000 66500 14300 0.28 0.25 0.06 
λ = 0.75 214 287 0.2278 0.2356 0.2161 132 6940 17700 19800 0.34 0.63 0.4 
For both cases Tcondenser = 200 0C, Tevaporator = 175 0C, TG' and TI' = 250 0C.  wg’ = 0.2315 and wI' = 0.2201 
 
  Tcycle = Σ time + (Σ time)/4 Cooling load managed = Qevap/tcycle 
λ = 0.21 593 seconds 6.74 W 
λ = 0.75 165 seconds 42 W 
7.4.2 Comparison of performance of adsorption, TE and TEA chillers 
With the benefits of utilizing the heat delivered by TE device well established in 
section 7.4.1, performance of the chillers has been presented next for condenser 
temperatures of 200, 125 and 50 0C (Fig. 7-12, Fig. 7-13, Fig. 7-14) and ‘λ’ = 1.0. The 
evaporator temperature has been varied from Tcond-50 
0C to Tcond-5 
0C. In the plots presented 
COPTE
x represents an arrangement that employs ‘x’ TE devices pumping heat in parallel in 
between evaporator and condenser. The electrical power input to the chillers during the 
iteration has also been plotted. The input power is a characteristic of the system and not 
specified during the iteration (only electrical current supplied to the TE device is specified), 
hence its graphical description assumes significance. Plot of power input along with COP 
can be used to estimate the cooling load managed by the chillers. 
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Fig. 7-12 COP plots of  various chillers, along with input power, for a condenser temperature of  200 0C and 
heat utilization factor ‘λ’ ~ 1.0. 


















































































Fig. 7-13 COP plots of  various chillers, along with input power, for a condenser temperature of  125 0C and 
heat utilization factor ‘λ’ ~ 1.0. 
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Fig. 7-14 COP plots of  various chillers, along with input power, for a condenser temperature of  50 0C and heat 
utilization factor ‘λ’ ~ 1.0. 
After having plotted the COPs of the chillers, next, the corresponding plot for ‘λ’ 
and various quantities on the right hand side of equations 7.9, 7.10 and 7.11 have been 
presented for a condenser temperature of 50 0C (Fig. 7-15). The right hand side terms in 
equations 7.9-7.11 provide a parameter that can be directly compared with λ to determine 
the suitability of TEA chiller over the other two. For instance, with reference to Fig. 7-15, 
for an evaporator temperature less than 30 0C, λ is greater than all other values, and hence a 
TEA chiller has superiority over the other two. 
The TEA chiller is outperformed by a combination of TE devices pumping heat in 
parallel for most part of the evaporator temperature range (ref: Fig. 7-12, Fig. 7-13, and Fig. 
7-14). Also up to a certain region on the evaporator temperature scale, higher COP is 
observed with increasing number of TE devices pumping heat in parallel. Beyond that 
region, application of increasing number of TE devices in parallel leads to a drop in COP. 
Since TEA chiller itself comprises numerous TE devices between beds, the dependence of 
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COP, for a constant power input, on the number of TE devices employed, must be 
investigated to derive maximum performance from TEA as well as TE heat pumps. This has 
been discussed next. 






















































Fig. 7-15 Plot of  ‘λ’ along with various right hand side terms involved in equations 7.9, 7.10 and 7.11 for Tcond 
= 50 0C. 
Fig. 7-16-(top) shows the variation of COP with supply current. This is for a single 
TE device pumping heat between heat source and sink temperatures of 175 0C and 200 0C 
respectively. It can be observed that there is an optimum value of current for which the TE 
device COP is maximum. Fig. 7-16-(bottom) shows the variation of COP with number of 
TE devices applied for pumping heat in parallel. This is for a constant power supply of 100 
W and same heat source and sink temperatures as used in obtaining the plot for Fig. 7-16-
(top). Since the power supply, heat source and sink temperatures are constant, the number 
of TE devices employed will determine the voltage across and current drawn by each TE 
device. A close observation of the top and bottom plots in Fig. 7-16 reveals that the COP of 
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the cluster of TE devices is maximum when each TE device draws the same current that 
corresponds to maximum COP of a single TE device. 
In light of the findings above, the performance of TEA, TE and adsorption chillers 
is re-evaluated. The iterations are run with the condition that TE devices in between the 
beds are supplied a current that corresponds to their maximum performance for a set of hot 
and cold side temperatures. Fig. 7-17 depicts the performance curves for a condenser 
temperature of 50 0C. It is observed that, within a lesser value of difference between 
evaporator and condenser temperatures, the COP of the TEA chiller surpasses the COP of 
any number of TE devices pumping heat in parallel. The improvement in COP is however 
counterbalanced by a reduction in the chiller’s ability to manage cooling load. The average 
input power is close to 28 W. The same value for a constant current supply of 3A was 78 W 
(ref: Fig. 7-14). 

























Number of TE devices applied in between evaporator 























































Fig. 7-16 (Top) COP variation of  a single TE device pumping heat between heat source and sink temperatures 
of  175 0C and 200 0C respectively. (Bottom) COP of  a group of  TE devices pumping heat in parallel between 
same heat sinks and heat source for a constant power supply of  100 W. The current drawn by each TE device 
is plotted on the left ordinate. 
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In light of the findings above, the performance of TEA, TE and adsorption chillers 
is re-evaluated. The iterations are run with the condition that TE devices in between the 
beds are supplied a current that corresponds to their maximum performance for a set of hot 
and cold side temperatures. Fig. 7-17 depicts the performance curves for a condenser 
temperature of 50 0C. It is observed that, within a lesser value of difference between 
evaporator and condenser temperatures, the COP of the TEA chiller surpasses the COP of 
any number of TE devices pumping heat in parallel. The improvement in COP is however 
counterbalanced by a reduction in the chiller’s ability to manage cooling load. The average 
input power is close to 28 W. The same value for a constant current supply of 3A was 78 W 
(ref: Fig. 7-14). 



















































































Fig. 7-17 COP plots of  various heat pumps, along with input power, for a condenser temperature of  50 0C and 
heat utilization factor ‘λ’ ~ 1.0 
While considering the results mentioned in this chapter, it must be noted that the 
inert mass ratio for the TEA and adsorption chiller was assumed 0.5, i.e. the inactive thermal 
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mass was considered half of the active thermal mass. The COP of the TEA and adsorption 
chillers can be greatly improved by further reduction in inert mass ratio. Another factor than 
can alter the results obtained is the placement of the adsorption cycle. For the current work 
Tmid was considered 50 
0C higher than condenser temperature. During the iterations, Tmid may 
be placed closer or farther from the condenser on the temperature scale depending upon the 
availability of the TE devices that can withstand high operating temperature and/ or the 
temperature at which waste heat is available for regeneration. 
7.5 Conclusions 
TEA chiller provides a means of combining advantages of adsorption and TE 
chillers. Adsorption chillers offer scalability according to cooling load, and increased 
efficiency due to internal heat regeneration. TE devices offer a compact means of achieving 
heat regeneration. Thus inclusion of TE devices in between adsorbent beds of an adsorption 
chiller (that results in a TEA chiller) makes system miniaturization possible and opens a 
whole new area of application such as microelectronics thermal management. However the 
use of a TEA chiller would be beneficial only if its overall COP exceeds the individual COP 
of an adsorption, as well as a TE chiller under identical heat pumping conditions. The 
current work develops a self-consistent COP formulation of the three chillers, provides a 
reasonable standardization scheme and methodology to calculate and compare their 
performances. 
It is found that the TEA chiller performance is strongly dependent on the heat 
rejection from adsorbent beds to the ambient. The formulation for the COP of TEA chiller, 
as found in literature, was modified by the introduction of a heat utilization factor ‘λ’ to 
incorporate the effect of heat loss from desorbing bed. It was shown that utilizing most of 
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the heat delivered to the desorbing bed to further the desorption process has a positive 
effect on the COP.  Such a method of operation fulfills the thermal needs of the desorption 
process before the completion of the adsorption process. For the remainder of the 
adsorption process the TE device must be switched off and the adsorbing bed cooled by 
heat rejection to ambient. It has been shown that this heat loss (heat loss from adsorbing 
bed, once the thermal needs of desorption process has been satisfied) has no adverse effect 
on the COP of TEA chiller. This is an important result by the virtue of which it can be 
concluded that a realizable way to achieve maximum possible COP for TEA chiller has been 
described.  
The present analysis shows that while TEA chiller’s advantage over adsorption 
chiller always holds, its advantage over TE chiller is pronounced only at evaporator 
temperatures that are more than 25-30 0C below the condenser temperature. Also the 
performance of TEA chiller vis-à-vis adsorption chiller and TE chiller improve as the 
condenser temperature decreases from 200 0C to 50 0C. Synchronizing current supply that 
corresponds to maximum TE chiller performance can augment the performance of TEA 
chiller over TE chiller. This can be especially beneficial at higher condenser temperature 
(thermally harsh environment) to derive maximum performance from the TEA chiller. Such 
an operation will require a sensor and control mechanism to sense the temperature at hot 
and cold faces of TE chiller and accordingly provide optimum current. 
The results presented in this work should be of help in deciding between TEA, 
adsorption and TE chillers for electronic cooling applications, from room temperature to 
thermally harsh ambient. It should also help thermal engineers dealing with TEA chillers in 
achieving maximum possible performance. 
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CHAPTER 8: Closure 
In this chapter a brief description of the wok described in this dissertation has been presented. This is 
followed by a list of contributions. Further, the import of this work in development of sorption cooling 
technology has been discussed. This chapter ends with a recommendation for future studies. 
8.1 Brief recap of the work presented in this dissertation 
In this dissertation the necessity of an effective thermal management solution for 
thermally harsh environment electronics has been highlighted. The work points out 
reliability, compactness (miniaturization without loss of performance) and ability to cool for 
long durations without any human interference as main characteristics of the desired cooling 
system. In this backdrop the suitability of a regenerative thermoelectric adsorption cooling 
system for use in thermally harsh environment has been investigated. Studies made by 
Gorodon et al [42] and Ng et al [45], have already established the good performance of such a 
system for room temperature cooling of electronics. This made it attractive to look into 
performance of a similar system for high temperatures (150 – 200 0C). 
Several challenges associated with high temperature application of the system have 
been identified and respective solutions proposed. Zeolite-13X water pair was proposed in 
place of silica gel water pair (silica gel water pair was used by Gordon et al and Ng et al).  
Further, the low thermal operating limit of TE devices was pointed out as a major hindrance 
in functioning of TEA systems at high temperature. The problem was not just with the 
highest adsorbent bed temperature during regeneration, but also with the high temperature 
swing during the adsorption cycle. A novel two step adsorption cycle (‘modified’) was 
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proposed to address this challenge. The advantages and drawbacks of the modified cycle vis-
a-vis conventional cycle were studied and presented.  
A TEA system tuned to thermal needs of the TE device was found to be less 
responsive to a dynamic thermal cooling load. Several options to address this challenge were 
evaluated and it was pointed out that a system with varying number of ‘active’ TE devices in 
between beds would be more suited to handle varying cooling loads from electronics. This 
was followed by description of an experimental and theoretical study of the performance of 
a prototype of the TEA cooling system. The TEA system was operated with both 
‘conventional’ as well as ‘modified’ adsorption cycles. Experimentally obtained results were 
compared with simulated results and the ‘modified’ cycle was found to have a slight 
advantage over the conventional cycle in terms of lower bed temperatures and higher system 
performance. 
Since the TEA system comprises TE and adsorption coolers and TE coolers can be 
compact electronic cooling devices in their own right, there was a need to justify the use of 
TEA coolers. A frame work was prepared to compare TEA, TE and adsorption cooling 
systems and their performances were compared for identical cooling situations. It was found 
that the TE A cooler could only be a good option if it were required to cool the electronics 
more than 30 0C below the ambient temperature.  
8.2 Contributions of the current work 
Following are the contributions of the work described in this dissertation. 
1. Challenges with high temperature application of TEA cooling system has been 
identified and respective solutions proposed. 
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2. A modified cycle has been proposed that breaks the adsorption and desorption 
process into two steps, thereby reducing the highest temperature encountered during 
regeneration and the temperature swings in the adsorbent beds. 
3. Several options have been evaluated to make the TEA system responsive to manage 
dynamic thermal cooling loads. It has been shown that by using varying number of 
‘active’ TE devices in between beds, the system can efficiently handle varying heat 
loads. 
4. Prototype of the TEA system was fabricated an experiments with the same were 
presented. Operation of the TEA system at thermally harsh temperatures has been 
demonstrated. 
5. Mathematical model for the TEA system was developed and validated.   
6. Comprehensive COP formulations for the TEA cooling system have been 
developed. This formulation takes into account the heat loss from adsorbent beds. It 
was shown that rejecting heat from adsorbing bed to the ambient and switching off 
the TE device (once the thermal needs of the desorbing bed has been met), has not 
adverse effect on the overall system COP. 
7. In view of several factors, such as inert thermal mass, poor heat transfer inside beds, 
which hinder good performance of the TEA system, an optimum method of 
operation has been proposed to achieve maximum system COP. This is based on the 
contribution stated in the previous bullet (6). 
8.  A frame work for comparison of TE, TEA and adsorption cooling systems has been 
presented. 
9. Performances of TE, TEA and adsorption cooling systems have been theoretically 
compared and it has been shown that TEA cooling system should be preferred for 
cooling of more than 30 0C below the ambient temperature. For cooling any closer 
to the ambient temperature TE device based options should be explored. 
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8.3 What this work may help in?  
The import of the current work lies in opening up the field of high temperature 
cooling to sorption systems.  This should encourage research on using sorption systems not 
just for thermally harsh region, but also for moderately harsh region with heat rejection 
temperatures of 80 0C to 150 0C. Current work also provides insight into experimental 
methods for TEA and TE chillers and provides inputs to decide on the suitability of TEA, 
TE and Adsorption cooling systems for a given cooling requirement. This should facilitate 
researchers in focusing on the right technology for the cooling problem.  
Current work should also help increase the thermal envelope of operation for 
commercially available electronics. Since the operation of the TEA heat pump is 
independent of gravity, this technology is suitable for a several applications such as avionics 
and oil drilling applications.  
8.4 Recommendations for future work 
It has been a constant effort to make the current work as complete as possible, 
however due to many constraints (such as parallel progress in theoretical understanding of 
the system as well as development of mathematical model and fabrication of experimental 
set up) several aspects of the TEA system could not be experimentally investigated. This 
section lists works that should be carried out for a comprehensive study of the TEA system 
in harsh environment and to further extend the research in improving its performance and 
suitability for thermally harsh environment. 
1. During this study it was observed that the experimental performance of the TE deice 
far outweighed the experimental performance of the TEA heat pump. The low 
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performance is attributed to the vapor leakage from beds and poor heat transfer 
inside the bed. During the fabrication of adsorbent beds, the copper plate had to be 
brazed to the steel casing and this led to development of copper oxide surface on the 
inner face of copper plate. This was difficult to remove and hindered heat transfer 
from copper plate to zeolite beads. Hence for future experiments on TEA system it 
is recommended to have an improved bed design that should be able to withstand 
high saturation pressure without any brazing requirements. The bed design should 
allow easy assembly and disassembly of bed, thus enabling the researcher to change 
adsorbents as needed. It is recommended to use O-rings to pressure seal the beds. 
Bed should be appropriately designed to facilitate placement of O-rings. 
2. In the current work an electric resistive heater was used to simulate heat dissipation 
from electronic chips. Experiments could be more realistic if an electronic module is 
used with a cold plate assembly (with the cold plate assembly thermally coupled to 
evaporator with a fluid loop). 
3. For future TEA experiments efforts should be made to automate the operation of 
the valves and make the experimental set up compact enough to fit inside the 
thermally harsh environment enclosure. In the present set up, only the condenser 
was placed inside oven, whereas the rest of the set up were heavily insulated and 
surrounded by room temperature air. 
4. Although the current mathematical model is able to predict system behavior, it can 
be improved by incorporating a model for heat and mass transfer in porous media. 
This will help bring into picture the thermal transport processes inside the beds. 
5. In the experiments described in chapters 5 and 6, the TEA system was operated with 
a predetermined power feed and cycle and switching time parameters. This allowed 
the system behavior to drift as per the response of the system to these constant input 
parameters. It is recommended to perform experiments in control mode, where the 
input parameters such as cycle & switching time, power supply etc should be varied 
depending on the temperature and pressure in beds, evaporator and condenser. This 
‘control’ mode of operation will enable the system to better adhere to an engineered 
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adsorption cycle (such as a modified cycle with a predetermined highest regeneration 
temperature). This will help realize the benefits of the modified cycle more 
appropriately. 
6. Although the studies in chapter 4 and 7 are based in well established adsorption and 
TE device physics, the findings must be experimentally validated. Especially the 
method of operation that predicts maximum possible performance of the TEA 
system must be experimentally validated. 
7. Selection of appropriate adsorbent-adsorbate pairs is considered as a major area of 
research [54]. Several pairs have been suggested by various researchers ([87], [115], 
[116], [117]). These pairs should be analyzed for application in TEA system at 
thermally harsh environments. Such an analysis would have two distinct parts. While 
one should deal with suitable pairs for high temperature application of adsorption 
cooler, the other should deal with high temperature application of TEA cooling 
system. 
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 APPENDIX A  Mass and diameter distribution of 
individual zeolite beads 
Zeolite 13X was obtained in the form of beads with an rated diameter of 1/16th of 
an inch. However on physical inspection it was observed that zeolite beads varied 
considerably in terms of their mass as well as diameter. In order to find out an average 
diameter and mass for zeolite beads several zeolite samples were weighed and measured. The 
mass and diameter measurements were done with an accuracy of 0.001 g and 0.01 mm 
respectively.  A sample size of 50 and 100 were chosen to estimate average mass and 
diameter respectively. Figures presented here show the distribution of mass and diameter for 
the zeolite samples. The average mass was calculated as 0.008 g, whereas the average 
diameter was calculated as 2.21 mm. These values were used to calculate the average density 














































Fig.  A-2 Diameter distribution of  zeolite beads (sample size 100)
 122
 APPENDIX B  Authenticity of zeolite samples 
In this appendix the data regarding the authenticity of the zeolite samples have been 
presented. The authenticity of the zeolite 13-X sample obtained from Grace Davison [83] 
was ascertained by X-Ray diffraction analysis of a powdered form of the zeolite sample. The 
results were matched with known X-Ray diffraction patterns available in literature [109], 
[110]. 




















































































































Fig.  B-1 Plot sowing the peaks obtained during X-Ray diffraction analysis of  the zeolite13X sample. The peaks 
matching with a known sample of  zeolite 13X has been listed in ellipses. 
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 APPENDIX C  Validating the zeolite 13X-water 
adsorption isotherm equations 
In this appendix, the authenticity of  the equations used to determine the adsorption 
of  water on zeolite 13X for a given temperature and pressure has been determined. The 
amount of water uptake in an adsorbent ‘w’ (= mass of water adsorbed/ mass of zeolite) is a 
function of the pressure and temperature inside the bed. For a given pellet of zeolite subject 
to pressure P and a uniform temperature T, the water uptake is given by w = f (P, T). This 
same function can also be used to obtain the value of any of the variables w, P and T, if the 
other two variables are known. In the present dissertation equations 3.1-3.3 describe the 
relationship between water content, pressure and temperature in an adsorbent bed.  
These equations were used with appropriate values of constants from literature 
([75][76]) to reproduce the various adsorption plots that were experimentally obtained by 
Cortes et al [111]. The plots obtained by the equations closely match the plots as presented in 
the work by Cortes et al.   
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P = 12.38 milibars
P = 23.39 milibars
P = 42.46 milibars
P = 73.84 milibars
1 milibar = 100 Pa
 
Fig.  C-1 Isobars of  water on zeolite 13X as obtained b using equations 3.1-3.3. 














































Fig.  C-2 Isosteres of  water on zeolite 13X as obtained by using equations 3.1-3.3. 
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P = 12.28 milibars
P = 73.84 milibars
At a constant temperature of 283
kelvins. This data seems to be off by
about 300 J/g in when compared
with Cortes et al
 
Fig.  C-3 Isosteric heat o water zeolite 13X pair as obtained by equations 3.1-3.3
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 APPENDIX D  Reliability of zeolite in the face of 
constant hydrothermal cycling. 
Reliability of zeolite is important for the over all reliability of the TEA cooling 
system. Since the system must work without human interference or any maintenance issues, 
it must maintain a certain level of performance for a long time. In this regard the ability of 
zeolite as an adsorbent to retain its water adsorbing characteristics in the wake of constant 
hydro-thermal cycling is of vital importance. 
In literature [112] it has been stated that Zeolite crystals are vulnerable in the view of 
high temperature and humidity. Their hydrothermal stability is a strong function of silicon/ 
aluminum ratio. The greater the amount of aluminum in a zeolite sample, more is the 
vulnerability of its crystal structure in the face of high temperature and humidity. For zeolite 
13X the Si/Al ratio lies between 1-1.5. Type A zeolite (zeolite 4A has this ratio close to 
unity, whereas type Y zeolite have their Si/Al ratio varying from 1.5-3). Hydrothermal 
cycling tests on zeolite 4A and 13X were reported. The samples were subject to 725 two 
hour cycling during which the samples were repeatedly hydrated at room temperature and 
dehydrated at a temperature of 260 0C. Fig.  D-1 plots the water content in the zeolite 
samples at similar temperature and pressure conditions, but after dehydration-hydration 
cycles. In comparison to 13X it appears that zeolite 4A is more resistant to hydrothermal 
ageing, however the data can not be considered consistent as one out of three zeolite 13X 
samples did not show much decay of water adsorption capability. 
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Fig.  D-1 Effect of  thermal cycling on water content of  zeolite samples. Left figure is for zeolite 4A, right 
figure is for zeolite 13X. Plot based on data from literature [112]. 
In their work for measurement of thermal conductivity of zeolites, Griesinger et al 
[113] observed negligible change in thermo physical properties of zeolite after several cycles 
of hydration and dehydration. 
Belding et al [114] have studied in detail the ageing of various desiccants with 
hydrothermal cycling and plotted the adsorption characteristic of several samples of zeolite 
13X at different humidity of surrounding atmosphere and different ageing times. It was 
concluded that zeolite 13X offers better stability and less severe loss of water adsorption 
capacity when compared to other adsorbents such as silica gel. 
During the experiments performed (as described in this dissertation), the degradation 
in performance was not noticeable due to the  less number of thermal cycling involved, 
however , when observed under an scanning electron microscope, changes in the zeolite 
pellet matrix were observed. Fig.  D-2 and Fig.  D-3 present the photographs of a fresh and 
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used zeolite 13X sample. The used sample had undergone 16 hours of thermal cycling from 








Fig.  D-3: Scanning Electron Microscope image of  a used zeolite sample.
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 APPENDIX E  Heat loss through bed and 
evaporator insulation 

























Fig.  E-1 Plot showing steady state wattage required to maintain the evaporator at various steady state 
temperatures. 
 
Fig.  E-2 Plot showing the power supply in wattage required to maintain the beds at various steady state 
temperature.
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 APPENDIX F  Algorithm for performance 
comparison of TE, TEA and Adsorption chillers 
Since the TE device can not pump any more heat
from adsorbing to desorbing bed, the final extent of 
adsorption and desorption processes are known. => 
Points F and H are known. At this stage adsorption 
equilibrium equations should be used to calculate 
temperatures at G and I.
Make a note of the time taken in this step, the 
energy supplied to TE devices, the energy 
pumped from adsorbing bed and the energy 
provided to the desorbing bed. These values 
should be added up as the iteration progresses.  
Number of TE devices in standalone mode vary from 1 to 10
Tcond has a vlue between 50 and 200 
0
C
Tevap varies from Tcond -5 to Tcond -50 
0
C
current supply fixed at 3A, λ assigned a fixed value. 
Tmid = Temp at G' (=Temp at I' = Tcond + 50 
0C) 
Start iterations with adsorption resulting in a water 
content increment of ∆w from wI' (w at I')
Find the heat needed to be withdrawn from adsorbing bed (∆Qads)
Consider small progress in desorption with water
content decreasing by ∆w from w at G'
Calculate temperature at adsorbing and desorbing 
beds using adsorption equilibrium equations. Use 
TE device equations to calculate rate of heat 
pumped from adsorbing bed (qc), time taken to 
pump ∆Qads, and heat delivered to desorbing bed 
∆Qdelivered.
Is qc negative?=> TE device 




Find the heat needed to be supplied to the 
desorbing bed (∆Qdes).























































































The time taken in adsorption-desorption was 
calculated in an earlier step. With switching time 
assumed to be 25% of adsorption-desorption 
time,  the power provided to TE device (in TEA 
heat pump), is averaged over the cycle time to 
determine power input for the TE heat pump.
Since for the TE device Tevap and Tcond 
are known and power is known, equations 1-5 are 
solved numerically to find the heat pumped by the 
TE device from evaporator.
Calculate COPTE
Is the sum of energy required by F-G and G-
H, less the energy recovered = electrical 
energy input to TE device during the 




With Temperature at G' and I' known, temperature at 
G and I are considered as TG' -∆T, and TI'+∆T. 
Calculate temperature at F and H. Calculate energy 
required for all the processes ( F-G, G-H, H-I and I-




























































Now starting steps to calculate COPads_alone
Now starting steps to calculate COPTE
Consider next evaporator temperature
Consider next condenser temperature




Fig.  F-1 Flowchart describing method for mathematical computations. 
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